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ABSTRACT 
 
 This project was conducted in order to develop high-performance (Polycarbonate (PC) based 
nanocomposite) materials at high strain rate, for potential applications in military, sports and 
personal protection. In this project, a series of PC nanocomposites were successfully fabricated 
by melt compounding method. The two kinds of nanofillers namely Na+ montmorillonite clay 
and chemically modified multiwalled carbon nanotubes with hydroxyl group (MWCNTs-OH), 
respectively, were employed to fabricate polymer nanocomposites. 
 
 A number of techniques including wide angle X-ray diffraction (XRD), transmission electron 
microscopy (TEM), scanning electron microscopy (SEM), modulated differential scanning 
calorimetry (DSC), were employed to study microstructure and morphology of these 
nanocomposites. Mechanical properties at low and high strain rates of these nanocomposites 
were mainly investigated. 
 
The SEM images revealed that uniformly dispersion and distribution of CNTs in nanoscale have 
been achieved in PC or high density polyethylene (HDPE) matrix.   By means of DSC studies, 
the “nanoeffects” on the glass transition temperature of PC and crystallinity of HDPE were 
examined and discussed.   A simple method to detect state of dispersion of nanofiller in polymer 
matrix by the comparison of the values of bulk density determined theoretically and 
experimentally, respectively has been established. 
 
The dynamic mechanical behaviours of PC and its nanocomposites with MWCNT and clay 
nanofillers were analysed with temperature and frequency. The addition of the nanofillers has 
significant influence on the dynamical response of the PC to temperature and frequency.  The 
results revealed that MWCNT and clay nanofillers can enhance the storage modulus and 
decrease the damping property of the PC.  
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The addition of MWCNTs has significant influence on the impact performance of PC and HDPE 
at a quasi-static rate revealed by an instrumented falling weight impact test (IFWIT). The results 
indicated that the maximum load of PC is significantly improved by the filler. The PC specimen 
containing 1 wt% MWCNTs showed the highest peak load value of approximately 884N, much 
higher than 209N of the pure PC. The PC nanocomposites are able to sustain much higher 
external force before fracture, and the behaviour contributes to greater deflection. The increased 
filler content leads to higher impact force due to the particle interface react and form a tortuous 
fracture path. The incorporation of MWCNTs causes a significant improvement of impact failure 
energy of the PC. Incorporation of 1 wt% MWCNTs caused significant improvement of 500% in 
impact failure energy.  
 
The performance of the PC and HDPE nanocomposites were examined by means of Split 
Hopkinson Pressure Bars Apparatus. The strain rates from 102 to 104s-1 were used.  For PC/clay 
nanocomposites, a slight enhancement in yield stress was observed.  Yield stress decreases with 
increasing strain at a certain range of strain rates.  In addition to increasing the strain rate, the 
process of strain hardening dominates the plastic deformation and then thermal softening upon 
reaching stress collapse.  The region of thermal softening was increased with the increase of 
strain rate.   
 
Similar conclusions were drawn for the PC/MWCNT nanocomposites.  Yield stress decreases 
with increasing strain at a certain level of strain rate.  Moreover, with an increase in MWCNT 
content, the temperature effect on the performance of the PC appeared. For HDPE/MWCNT 
nanocomposites, it is clear that the high strain rate and high MWCNT contents have a significant 
influence on the performance of the HDPE.  The rapid decrease in yield stress was observed due 
to the temperature effect.  
 
From our results, we concluded that polymer nanocomposites could be used for the minimisation 
of the trauma injury at certain impact rates as results of significant improvement on the 
performance of PC matrix by adding nanofiller. At very high impact rates, the function of 
nanofillers could vanish due to temperature effect. 
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Chapter 1: Introduction and Aims of the Project 
 
1.1 Introduction 
 
With increasing terrorist activities around the world in recent years, the issue of combat 
survivability has become a primary concern in public and governments [1-4]. Personal and 
vehicle protection from blast and ballistic impacts are more important to reduce life threatening 
situations to our soldiers, police force, and as well aid workers and other civilian personnel 
working in hostile areas.  To meet the high performance requirements the protective materials 
must withstand many different threats, whilst maintaining performance integrity under harsh 
conditions. It has simulated the homeland security, defence, and aerospace industries to increase 
their interest and activity in the areas of blast- and ballistic-impact mitigation for particular 
applications [1-4].  For personal protection body armour and vehicles designed must be made a 
balance between needs of high protection and light weight. Once soldiers deploy from their 
protected vehicles they also require lightweight body protection that tolerates them to operate 
freely at high or low temperatures and altitudes carrying a full battle load.  This has led to a 
massive development in protection technology of body armour and armed vehicles [3, 4, 5]. 
 
Polycarbonate (PC) has been widely used as a shield or anti-ballistic material  for applications in 
areas of military, sports and personal protection due to its unique property combination of  high 
mechanical strength, outstanding impact resistance, good chemical resistance and excellent 
transparent over last decades [6-9]. Blast and ballistic impacts tend to have dynamic loads that 
overwhelm the static load resistance of the materials.  Hence, with increasing modern 
technologies development of high- performance PC based materials at high strain rate is 
significant important for its applications to against bullets, fragments, improvised weapons and 
other projectiles. 
 
The presence of nanoparticles in a polymer matrix, creating a nanostructured material 
architecture, typically confers enhanced a wide range of physical and engineering properties of 
the polymer, mainly including enhanced stiffness, impact resistance, fracture toughness and 
ability to absorb  energy  but decrease energy dissipation [2, 9-11].  Nanoscale materials have 
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new properties and characteristics that are not typically present in conventional, micro and 
macro-materials.  These properties are mostly attributable to the nanoparticles’ high surface area-
volume ratio. At the nanoscale, there is distinct size dependence of the material properties as 
there is increase in interfacial area, and consequent high reactivity and interactivity. Owing to the 
ability of energy absorption and dissipation of such nanocomposites it makes them potentials in 
development of protective polymer-based materials that can withstand high dynamic loads and 
blast mitigation.  Applications of such type nanocomposite materials require strong 
understanding of mechanical properties because impact loading conditions significantly alter 
mechanical responds of the materials [12-16].  Up to now there is only limited work reported 
relatively to studies of the mechanical properties of nanocomposite materials at high strain rate 
[17]. It is believed that the research in this area could focus on 1) understanding of the 
performance of materials at high strain rates theoretically and experimentally and 2) design or 
development of materials with improved ballistic impact strength. 
 
 
1.2 Objectives and aims of the project  
 
This project intends to develop high-performance PC based materials for high strain rate 
applications in military, sports and personal protection. This will be achieved by using 
nanofillers which are Na+ montmorillonite clay and chemically modified multiwalled carbon 
nanotubes with hydroxyl group (MWCNTs-OH), respectively, to fabricate PC based 
nanocomposite. In order to better understand mechanical and physical properties of those PC 
nanocomposite materials developed in this research a comparative studies will be undertaken in 
which high density polyethylene (HDPE), which is a crystalline polymer, is chosen as an 
example material. The following aspects will involve in the research. 
 
1) Fabrication of polymer nanocomposites 
The extent of nanoparticle dispersion and aggregation has a significant impact on the 
final properties of the nanocomposites and is directed by the dispersion method. In this 
research a special method for pre-dispersion of nanofiller developed by Professor Mo 
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Song recently will be used.   Then melt-blending technique will be adopted to synthesize 
PC or HDPE nanocomposites.   
 
2) Characterisation of polymer nanocomposites 
In order to obtain optimum Polycarbonate (PC)  or high density polyethylene (HDPE),  
nanocomposite materials the characterisations of morphology and physical properties will 
be investigate firstly. These will include nanofiller dispersion in polymer matrix, 
microstructure and density of polymer nanocomposites, and nano-effects on glass 
transition or crystallisation of the polymers.  A number of techniques will be employed, 
including wide angle X-ray diffraction (XRD), transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), and differential scanning calorimetry (DSC). 
 
3) Investigation of dynamic mechanical properties and impact performance of polymer 
nanocomposites at low strain rate  
The effects of nanofillers on viscoelastic properties and impact resistance at low strain 
rate of PC or HDPE nanocomposites will be investigated by Dynamic Mechanical 
Analysis (DMA) and Falling weight impact test, respectively. 
 
4) Investigation of impact performance of polymer nanocomposites at high strain rate 
The macroscopic rate-dependent mechanical behaviour of PC or HDPE and their 
nanocomposites will be mainly studies the effects of nanofillers on the polymers matrix at high 
strain rate by using Split Hopkinson Pressure Bar (SHPB) which is one of the most common 
methods apparatus for study and measure the mechanical properties of polymeric materials at 
high strain rate. Density measurement and DSC will be also use to determine the effect of high 
strain rate on the structure of the polymer nanocomposites. 
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2.1. Introduction 
 
Over last twenty years, considerable efforts around the world have been devoted to 
development of a new class of polymer nanocomposites, in which nanofillers are 
dispersed on a molecular level in the polymer matrix to reinforce and provide novel 
characteristics [1-3].  The various types of nano-fillers such as layered silicate, 
graphite nanosheets, carbon nanotubes (CNTs), fibres, metal oxide nanoparticles and 
layered titanate have been used to produce a variety of polymer nanocomposites [1-
10]. The research indicates that incorporation of nanofillers into polymers can 
enhance a wide range of physical and engineering properties of the polymer. Polymer 
nanocomposites with very lower filler loadings have shown a number of impressive 
property enhancements, including mainly increased tensile strength, modulus, 
hardness and fracture toughness, decreased gas permeability and flammability, 
improved thermal stability and specific heat resistivity, and enhanced ability to absorb  
energy  but decrease energy dissipation  [1, 11-17].  It is believed that incorporation 
of nanofillers into polymers open opportunities to produce new multi-functional 
materials with broad commercial and industry applications [1-10]. 
 
As known, polymeric materials exhibit strong strain rate-dependent mechanical 
behaviour.  The nature of the rate sensitivity is found to change between different 
temperature regimes as various primary (α) and secondary (β, γ, etc.) molecular 
mobility mechanisms are accessed [18]. For amorphous polymers, it has been 
suggested that high-rate and low temperature deformation restricts particular 
secondary mobilities of the molecular chains which are otherwise operative, leading 
to an enhanced resistance to deformation under these conditions. It is known that a 
significant transition in the rate dependence of the material yield behaviour, for a 
variety of glassy, amorphous polymers, exists. Beyond a particular transition 
threshold, these materials all exhibited an increased sensitivity to strain rate.  The 
nanoscale particles have at least one dimension that is on the same length scale (1nm) 
as those chain segments involved in secondary molecular motions. It may be 
expected, then, that the presence of these particles will alter the accessibility of 
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particular secondary chain motions for a given polymer matrix. Consequently, the 
science associated with polymer nanocomposite material systems represents a 
significant potential to tailor the rate-dependent mechanical behavior of polymers for 
specific applications. By focusing attention on the interactions between the nanoscale 
particles and molecular motions in particular, it may be possible to design new 
lightweight, polymer-based material systems with exceptional high-rate behavior and 
impact resistant capabilities. Those materials are of important for various applications, 
including structural, military and sports [19, 20].  Practically, the main interest is the 
application for light-weight personal protection. As known, with increasing terrorist 
activities around the world in recent years, personal and vehicle protection from blast 
and ballistic impacts have been considered to be a more important issue to reduce life 
threatening situations to our soldiers, police force, and as well aid workers and other 
civilian personnel working in hostile areas.  So developments of high performance of 
polymer nanocomposite materials at high strain rate are required.  The ability to tailor 
these molecular-level mechanics through the incorporation of nanoscale particles 
could offer new opportunities to design a new class of high-performance polymer-
based engineering materials with different behaviours in different frequency/rate 
regimes. However, there is no much relatively work published recently.  
 
2.2 Performance behaviour of polymer materials at  high stain rates  
2.2.1 Strain rate sensitivity 
Polymers are known to exhibit strong time-dependent mechanical response behaviour.  
The mechanical properties of most materials vary with the rate of loading and this 
effect is particularly evidenced by rate-dependent elastic moduli, yield strength, and 
post-yield behaviour, which occur under impact or explosive loading conditions, [21].   
Strain rate of interest vary from very low ~ 10-5s-1 which represent the lowest rates 
achievable in standard compression/tensile test rigs (though even lower rates are 
involved in creep tests) to ~ 104s-1 which represents the highest rates achievable in 
standard high rate test equipments (Hopkinson Bar ).  Increasing strain rate has the 
effect of increasing both the modulus and yield stress and flow stress of a polymer.  
Reported increases in yield stress are in the region of 1 to 6 MPa per decade of strain 
rate for rate from 10-3to 103s-1and increase is almost independent of strain into up to 
strains of ~ 0.3.   Typical values for selection of polymers are listed in Table 2.1. 
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Table 2.1: Strain rate sensitivities of some polymers in the range region 10-3 to 102 s-1 
[21]: 
Polymer Sensitivity (MPa per decade of strain rate) 
Polypropylene 4 
High density polyethylene 2 
Polycarbonate 4 
Nylon 6 5 
Nylon 6,6 5 
   
At strain rate greater than ~ 103s-1 the flow stress increases rapidly with strain rate for 
some materials.   Typical changes in the value of elastic modulus for HDPE are from 
0.4GPa to 2.6 GPa over strain range 10-3 to 104 s-1, 3.5GPa to 5.5GPa over the range 
10-4 to 104 s-1.    
 
Polymer deformation has been found to be due to the motion of molecular chains, and 
the resistance to this flow [22]. The sensitivity of modulus to strain rate is greatest in 
the region of glass transition [23.].  The microscopic origins of rate-dependent yield 
phenomena are generally known by the molecular dynamics associated with 
viscoelastic processes. Each of these thermally activated processes is governed by a 
specific segmental motion of the polymer’s macromolecules. When a particular 
segmental motion becomes restricted, the polymer’s viscoelastic behavior passes 
through a transition as the corresponding process is activated. For the α (glass) 
transition, it is generally agreed that the corresponding molecular motion is a 
cooperative rotation and/or translation of neighboring main chain segments with 
respect to one another [24]. The molecular origins of the secondary processes differ 
from polymer to polymer. 
 
2.2.2 General response of polymer to high strain rates 
The most important phenomena related to the mechanical behaviour of polymers are 
the deformation and fracture which caused by applying force.  Most of polymers at 
low values of stress have a liner stress-strain behaviour which is independent of time 
described by Hooke’s Laws. However mechanical response of polymers is sensitive to 
strain rates, especially high strain rate. Chou et al [25] was the first to study the 
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stress–strain behaviour of polymers at high strain rates by means of SHBP technique 
(see Figure 2.1).  
 
 
Figure 2.1 True stress (left y-axis) and temperature rise (right y-axis) as a 
function of strain rate for PMMA by SHPB [25].  
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Figure 2.2 Stress level as a function of strain rate for PMMA by SHPB [25]. 
 
In their study, polymethylmethacrylate, cellulose acetate butyrate, polypropylene and 
nylon66 were characterized in compression at various strain rates from 10–4 s–1 to 103 
s–1 at room temperature.  The temperature rise developed during deformation is also 
measured by using a thermocouple. All four materials tested definitely show a viscous 
effect at the beginning of the deformation and a plastic flow follows thereafter. Test 
results also indicate that the temperature rise developed during deformation cannot be 
neglected in determining the dynamic response of those materials investigated. At 
high rates, the stress and yield stress increased more quickly. The same results were 
observed by Kukureka and Hutchings [26] and Swallowe et al (see Figure 2.14) [27].  
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Figure 2.3 Yield strength as a function of strain rate for PMMA by SHPB 
[27]. 
 
Three kinds of results of the yield stress against strain rates for polymers were 
observed by Field et al. [28, 29] over strain rates from 10-2 to 104 s-1.  
 
1) A linear relationship of the yield stress against strain rates at higher strain 
rates. 
2) A bilinear behaviour with a sharp increase in gradient at a strain rate of 
  ~ 103s-1. 
3) A decrease in maximum stress at a strain rate of ~ 103s-1, and then followed by 
an increase.  
 
High density polyethylene [26, 30] fell into the linear result, as polypropylene showed 
a bilinear dependence. The unexpected result in some experiments was the decrease in 
strength of some polymers at high strain rates such as nylon 66, polycarbonate (PC), 
polyetheretherketone (PEEK) and poly(methyl methacrylate) [27, 28, 31-33] (see 
Figure 2.4-2.7).  
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Figure 2.4 True stress-strain behaviour of PVC at six different strain rate [29]. 
 
 
Figure 2.5 Yield strength as a function of strain rate for PVC by SHPB [29]. 
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Figure 2.6 Stress level as a function of strain rate for HDPE by SHPB [29]. 
 
 
Figure 2.7 Yield strength as a function of strain rate for PC by SHPB [29]. 
 
 
The drop in the yield stress in PEEK and nylon 66 was preceded by bilinear 
behaviour. The steeper part of the bilinear relationship occurred over a small range of 
strain rates has been observed. Figure 2.8 shows (a) stress–strain curves for 63Sn37Pb 
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solder at three different strain rates at room temperature and (b) plot of the stress at a 
strain of 0.02 from the same data. [34]. 
 
 
 
 
Figure 2.8 (a) Stress–strain curves for 63Sn37Pb solder at three different 
strain rates at room temperature and (b) plot of the stress at a strain of 0.02 
from the same data. [34]. 
 
Figure 2.9 gives a comparison of experimental and predicted tensile response of a 
representative [34] polymer matrix composite for quasi-static and high strain rates. 
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These results indicate the effect of strain rate on the response of polymers is 
significant. 
 
Figure 2.9 Experimental and predicted tensile response of a representative 
[34] polymer matrix composite for quasi-static and high strain rates. 
 
Mulliken and Boyce study the behaviour of PC and PMMA, the experimental 
techniques (SHPB) and testing results of their studies shown new insight into the rate-
dependent behaviour of amorphous polymers [35]. PC and PMMA have been known 
to demonstrated the increasing in rate-sensitivity when deformed under high strain 
rates, as compared to their behaviour under quasi-static strain rates. This increasing in 
rate-sensitivity is directly attributable to the restriction of secondary (β) molecular 
motions. The indication of this study may be applied to any polymer in order to better 
understand and predict their mechanical behaviour over a wide range of temperatures 
and strain rates [35]. 
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Figure 2.10 Representative curves of PC true stress–true strain behaviour in 
uniaxial compression at four low, moderate, and high rates. Reported high 
strain rates are averages over the duration of the tests [35]. 
 
 
 
Figure 2.11 PC true yield stress as a function of true strain rate (logarithmic 
scale) low to high strain rates. Each data point represents an average of at least 
two tests on either the servo-hydraulic Instron (•) or the compressive split-
Hopkinson bar (о) [35]. 
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Figure 2.12 Representative curves of PMMA true stress–true strain behaviour 
in uniaxial compression at four low, moderate, and high rates. Reported high 
strain rates are averages over the duration of the tests [35]. 
 
 
Figure 2.13 PMMA true yield stress as a function of true strain rate 
(logarithmic scale) low to high strain rates. Each data point represents an 
average of at least two tests on either the servo-hydraulic Instron (•) or the 
compressive split-Hopkinson bar (о) [35]. 
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Other group of researchers also studied the mechanical performance of PC under high 
strain rates by using SHPB at room temperature (see Figures 2.14 1nd 2.15) [36]. 
They gave extensive post-test analysis that confirms its validity by advanced than 
those of previous researchers.  The results showed that PC yield strength is found to 
transition to a regime of high strain rate sensitivity. Moreover, these researchers 
compared yield strength data from all of their stress-strain curves and concluded that 
the initial elastic modulus is also very sensitive to changes in strain rate. The elastic 
modulus was found to enhance proportional to the yield strength with enhances in 
strain rate [36]. 
 
Figure 2.14  PC compressive stress-strain behaviour as a function of strain 
rate at room temperature [36]. 
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Figure 2.15 PC compressive yield strength as a function of strain rate at room 
temperature(Moy el al) [36]. 
 
2.2.3 Effect of testing temperature on the performance of polymer materials at 
high strain rates 
 
The secondary bonds of a polymer constantly break and reform due to thermal 
motion. Application of a stress favors some conformations over others, so the 
molecules of the polymer will gradually "flow" into the favored conformations over 
time. Because thermal motion is one factor contributing to the deformation of 
polymers, viscoelastic properties will change with increasing or decreasing 
temperature. It is clear modulus decreases with increasing temperature. Generally 
speaking, an increase in temperature correlates to a logarithmic decrease in the time 
required to impart equal strain under a constant stress. In other words, it takes less 
energy to stretch a viscoelastic material. 
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Figure 2.16. PMMA yield strength as a function of temperature and strain rate 
[64]. 
 
 
Figure 2.17 PMMA compressive stress-strain behaviour as a function of 
temperature(J. Haussy & Lefebvre)[65]. 
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Temperature has an important effect on the mechanical properties of polymers, as 
well the effect of strain rat. Bauwens-Crowet carried out many of compression 
experiments on PMMA at rates between10-4 and 104 s-1 [37]. With fixed strain rate, 
specimen was tested at different temperatures from -20 to 100oC. The dependence of 
the yield stress on strain rate and temperature was reported [37], and using a time–
temperature superposition, the range of the experiments can be extended to 106 s-1 at 
100oC. Results showed a bilinear relationship, with increased strength at high strain 
rates and at low temperatures. Bauwens et al [38] have investigated PC in 
compression over a range of temperatures, and found a similar relationship as in 
PMMA (See Figures 2.18 and 2.19). This behaviour was attributed to the different 
molecular relaxations in the material. At high temperatures or low strain rates only α 
relaxation (glass transition) plays a role in the behaviour, whilst at low temperatures 
and high strain rates [38-40]. Figure 2.20 shows (a) stress–strain curves for 63Sn37Pb 
solder at strain rates of ca. 1000 s-1 and three different temperatures and (b) plot of the 
stress at a strain of 0.02 versus temperature from the same data [34]. 
 
 
Figure 2.18 Yield strength as a function of strain rate for PC by SHPB 
(Bauwens-Crowet) [38]. 
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Figure 2.19  PMMA compressive stress-strain behaviour as a function of 
temperature [38]. 
 
 
Figure 2.20 (a) Stress–strain curves for 63Sn37Pb solder at strain rates of ca. 
1000 s-1 and three different temperatures and (b) plot of the stress at a strain of 
0.02 versus temperature from the same data [34]. 
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The effect of temperature on the maximum stress for PVDF was studied [29]. The 
maximum stress for each compressive experiment was recorded from the stress–strain 
curves. The data were then plotted as a function of temperature at 2700 s-1.shown in 
Figure 2.21.  
 
 
Figure 2.21 Plot of maximum stress against temperature for PVDF at 2700+/-
300 s-1[29]. 
 
Figure 2.22 shows the temperature effect on stress-strain results for PC at 5900s-1 
[29]. From these results, it can be seen with increasing temperature, the maximum 
stress decreases. 
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Figure 2.22 Hopkinson bar stress–strain curves for specimens of PC over a 
range of temperatures. The strain rate was 5900s-1[29]. 
 
. 
2.2.4 Effect of dimension of specimens on the properties of polymer materials 
at high strain rates 
 
SHPB technique has been used widely in the past for testing a variety of materials, for 
the specimen geometry standard, no method test specimen geometry has been 
proposed. The effect of specimen geometry (size and shape) on experimental data has 
been investigated in the past [41-44]. The SHPB test has been used in the past to 
investigate the high strain rate response of polymer materials. The results in these 
studies have suggested an L/D of 0.5, for testing polymer matrix composite materials 
at high strain rates [45, 46]. 
 
Dioh al et [47] have been studied the effect of specimen geometry on mechanical 
behaviour under high strain rates for MDPE, HDPE, PC and PEEK at room 
temperature and all specimens  had a diameter of 12.7 mm.  The investigated results 
shown in Figures 2.23 and 2.24 illustrate the flow stresses for the thinner specimens 
were significantly lower for all the materials tested. 
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Figure 2.23 PC yield strength as a function of strain rate at 296 K for two 
different specimen thicknesses: (◊) 4.4 mm thick specimens: (•) 1.5 mm thick 
specimens [47].  
 
 
Figure 2.24 MDPE flow stress as a function of strain rate at 296 K for two 
different specimen thicknesses: (◊) 4.4 mm thick specimens: (•) 1.5 mm thick 
specimens [47].  
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Lee and Kim [48] have investigated the effect of thickness of specimens on the 
mechanical behaviour of a composite material (1001P) and polycarbonate by using 
SHBP technique at high strain rates. It was attempted to investigate whether the 
thickness-to-diameter ratio of the specimen has an effect on the mechanical behaviour 
at high strain rates.  
 
 Figures 2.25 and 2.26 show the strain rate sensitivity of polycarbonate and the 
composite,1001P. 
 
 
  
Figure 2.25 Strain rate versus maximum stresses for polycarbonate specimens 
with varying thickness [48]. 
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Figure 2.26 Strain rate versus maximum stresses for composite            
materials with varying thickness [48]. 
 
The maximum stress was found to be highly sensitive to strain rate [48]. The 
relationships between maximum stress and strain rate was found to be linear as 
appeared in Figures 2.25 and 2.26.  It is clear that the thickness of specimen has 
significant influence on the performance of polymers at high strain rates. 
 
Pankow al et [49] investigated the effects of the specimen L/D ratio (length L divided 
by diameter D) on mechanical behaviour at high strain rate tested by SHPB. The 
specimens with varies L/D ratios were cut from one solid epoxy rod having the same 
diameter and different lengths. 
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Figure 2.27 A comparison of extracted stress versus strain and strain rate 
versus strain data between cylindrical and square cross-section shape 
specimens in SHPB testing. (a) s versus E, (b) ˙E versus E [49]. 
 
Figure 2.27 shows the stress–strain responses from the square and circular cross-
section specimens was only a little difference.  However, the effect occurred was 
observed only in plastic deformation (see Figure 2.28).  
.  
 
 
Figure 2.28 Effect of varying L/D ratios on stress, strain, and strain rate. (a) s 
versus E, (b) ˙E versus E [49]. 
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2.3 Polycarbonate (PC) and its nanocomposites 
2.3.1 Polycarbonate (PC) 
Polycarbonate (PC) is an amorphous engineering thermoplastic polymer which 
possesses excellent mechanical and optical properties including high Young’s 
modulus, impact strength and dimensional stability [50, 51]. It has been widely used 
for various applications mainly structural, military, sports and personal protection, 
such as a shield or anti-ballistic material, due to its outstanding impact resistance 
during last decades.   
PC is linear polyester of carbonic acid with aliphatic or aromatic dihydroxy 
compounds are linked through carbonate groups. Generally, two different types of PC 
can be synthesized by chemical processes, namely poly(aliphatic carbonate)s and 
poly(aromatic carbonate)s.  Each chemical structure is shown in Figure 2.29, (a) and 
(b), respectively. Poly(aliphatic carbonate)s is made of the reaction of carbon dioxide 
with epoxides. Economically, aliphatic PC is much less important than aromatic PCs.  
 
The most common type of polycarbonate is one made from bisphenol A, where 
groups from bisphenol A are linked together by carbonate groups in a polymer chain. 
This PC is a very durable material, and can be laminated to make bullet-proof "glass", 
though “bullet-resistant” would be more accurate. The characteristics of PC are quite 
like those of polymethyl methacrylate (acrylic), but PC is stronger and thus more 
expensive. This polymer is mainly transparent and has better light transmission 
characteristics than glasses. The typical properties of PC are listed in Table 2.2. 
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Figure 2.29 Chemical structures of two types of PC. 
 
Table 2.2.Some typical properties of PC: 
POLYCARBONATE 
Physical Properties 
Density (ρ) 1200-1220 kg/m³ 
Abbe number (V) 34.0 
Refractive index (n) 1.584-6 
Flammability V0-V2 
Limiting oxygen index 25-27% 
Water absorption - Equilibrium(ASTM) 0.16-0.35% 
Water absorption - over 24 hours 0.1% 
Radiation resistance Fair 
Ultraviolet (1-380nm) resistance Fair 
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Mechanical Properties 
Young's modulus (E) 2-2.4 GPa 
Tensile strength (σt) 55-75 MPa 
Compressive strength (σc) >80 MPa 
Elongation (ε) @ break 80-150% 
Poisson's ratio (ν) 0.37 
Hardness - Rockwell M70 
Izod impact strength 600-850 J/m 
Notch test 20-35 kJ/m² 
Abrasive resistance - ASTM D1044 10-15 mg/1000 cycles 
Coefficient of friction (μ) 0.31 
Thermal Properties 
Melting temperature (Tm) 267 °C* 
Glass transition temperature(Tg) 150 °C 
Heat deflection temperature - 10 kN (Vicat 
B)[citation needed] 
145 °C 
Heat deflection temperature - 0.45 MPa 140 °C 
Heat deflection temperature - 1.8 MPa 128-138 °C 
Upper working temperature 115-130 °C 
Lower working temperature -135 °C 
Linear thermal expansion coefficient (α) 65-70 × 10-6/K 
Specific heat capacity (c) 1.2-1.3 kJ/kg·K 
Thermal conductivity (k) @ 23 °C 0.19-0.22 W/(m·K) 
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Heat transfer coefficient (h) 0.21 W/(m²·K) 
Electrical Properties 
Dielectric constant (εr) @ 1 MHz 2.9 
Permittivity (ε) @ 1 MHz 2.568 x10-11 F/m 
Relative permeability (μr) @ 1 MHz 0.866(2) 
Permeability (μ) @ 1 MHz 1.089(2) μN/A² 
Dielectric strength 15-67 kV/mm 
Dissipation factor @ 1 MHz 0.01 
Surface resistivity 1015 Ω/sq 
Volume resistivity (ρ) 1012-1014 Ω·m 
 
PC can be synthesized from bisphenol A and phosgene (carbonyl dichloride, COCl2). 
The first step in the synthesis of PC from bisphenol A is treatment of bisphenol A 
with sodium hydroxide. This deprotonates the hydroxyl groups of the bisphenol A 
molecule. The deprotonated oxygen reacts with phosgene through a back-side attack 
to create a tetrahedral intermediate (not shown here) followed by elimination of a 
chloride ion (Cl-) as a leaving group to form a chloroformate.  The chloroformate is 
then attacked by another deprotonated bisphenol A, eliminating the remaining 
chloride ion and forming a dimer of bisphenol A with a carbonate linkage in between.  
Repetition of this process yields PC, a polymer with alternating carbonate groups and 
groups from bisphenol A. PC is also widely known since it is a major material that 
makes up the popular Nalgene Bottles. Density starts at about 1.20 g/cm3.  
Although PC has outstanding ballistic impact strength and good optical clarity, and 
has been widely used in many engineering applications, the drawbacks of PC include 
its susceptibility to many organic solvents and poor resistance to abrasion. Thus PC 
has been modified and tailored in many different ways, particularly by blending with 
other polymers for use in demanding applications [50, 51]. Recently, the 
nanocomposite technology has also been applied in the modification of PC, 
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compounding with nanofillers to improve the physical and mechanical properties of 
PC materials. A wide range of nanoscale fillers have been explored over the past two 
decades in conjunction with polymer nanocomposites.  
 
 
2.3.2 Nanofillers  
In this section the two kinds of the important nanoscale fillers: layered silicate clay 
and carbon nanotubes used in this research will be briefly introduced as follows: 
 
2.3.2.1 Layered silicate clay 
Layered silicates refer to natural clays and also synthesis layered silicates.  Both types 
of clays have been used and shown to be successfully used in the synthesis of polymer 
nanocomposites.  The layered silicates used in preparation of polymer 
nanocomposites belong to the structural family known as minerals talc and mica [52], 
i.e. 2:1 layered or phyllosilicates. Table 2.3 shows the clay classification [52]. Their 
crystal lattice consists of two-dimensional, 1nm thick layers that are made up of two 
tetrahedral sheets of silica fused to an edge-shared octahedral sheet of either 
aluminium or magnesium hydroxide.  The lateral dimensions of these layers vary 
from 30nm to several microns and even large depending on the particular silicate [53]. 
Stacking of the layers leads to a regular Van der Waals gap between them called the 
interlayer or gallery. Isomorphic substitution within the layer generates negative 
charges that are normally counterbalanced by hydrated alkali or alkali earth cations 
residing in the interlayer. Because of the relatively weak forces between the layers, 
intercalation of various molecules, even polymers, between the layers is facile. The 
most commonly used layered silicates in polymer nanocomposites are organically-
modified layered silicates, also known as organoclays. Figure 2.30 shows the basic 
structures of 2 : 1 clay minerals [53]. Figure 2.30 shows a schematic of three main 
types of layered silicates in polymer matrix. 
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Table 2.3: Clay mineral (phyllosilicate) classification: [52]. 
 
 
Figure 2.30 Basic structures of 2:1 clay minerals [53]. 
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Figure 2.31 Schematic of three main types of layered silicates in polymer 
matrix [53]. 
 
The type of clay can be characterised by a moderate surface charge known as the 
cation exchange capacity and generally expressed as mequiv/100gm and also using 
the layer morphology.  Through the cation exchange capacity, the charge is not 
locally constant, but varies from layer, and must be considered as an average value 
over the whole crystal [54].  The most commonly used layered silicate is 
montmorillonite, saponite and hectorite with different chemical formula respectively, 
shown in Table 2.3 [55]. The smectite clays are the materials of choice for polymer 
nanocomposite design for two principal reasons. First, they exhibit a very rich 
intercalation chemistry, which allows them to be chemically modified and made 
compatible with organic polymers for dispersal on a nanometre length scale. Second, 
they are easy to find in nature and can be obtained in mineralogically pure form at low 
cost [56]. 
 
Beside these, other clays such as bentonite, and chlorite, are also used in preparing 
polymer layered silicate nanocomposite with specific properties. Bentonite consists 
predominantly of montmorillonite with a minor portion of illite, a clay mineral with a 
dioctahedral structure and higher layer charge. The introduction of bentonite usually 
provides the nanocomposite with better mechanical and barrier properties than that of 
montmorillonite. On the other hand, chlorite also has a basic 2:1 layer structure, but 
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with a stable, positive charged octahedral sheet in the interlayer space. The positive 
charges of this octahedral sheet neutralize the negative charge of the 2:1 sheets. 
Because chlorite contains two octahedral sheets, it is called a 2:1:1 layer mineral. 
Sometimes, octahedral materials in chlorite neither totally fill the interlayer space 
between sheets nor completely neutralize the negative charge of the sheets. This 
unsatisfied charge is neutralized by various cations adsorbed to the particle surfaces 
from other materials. In other words, chlorite undergoes an ionexchange process more 
readily than other clays with a 2:1 layer structure [57]. 
 
Two particular characteristics of layered silicate are generally considered for polymer 
layered silicate nanocomposites [58]. The first is the ability of the silicate particles to 
disperse into individual layers. The second characteristic is the ability to fine-tune 
their surface chemistry through ion exchange reactions with organic and inorganic 
cations to form organophilic clay. These two characteristics are, of course, interrelated 
since the degree of dispersion of layered silicate in a particular polymer matrix 
depends on the interlayer cation. 
 
2.3.2.2 Carbon nanotubes 
Since the discovery of carbon nanotubes by Ijima [59] in 1991, the application of 
CNTs has attracted more and more attention due to their special structure, excellent 
mechanical properties, and good electrical and thermal conductivity. They are 
extremely small in size with the diameter of CNT is in range of nanometer. However, 
the strength is 20 times that of high strength steel alloys, and having current carrying 
capacities 1000 times that of copper in combination with superior thermal properties 
compared to diamond. As shown in Figure 2.32, CNTs can be considered as seamless 
cylinders rolled up by graphene sheets, which generally have a great length-
todiameter ratio [60]. 
 
According to the diameter of the cylinders, CNTs are classified as single-walled 
carbon nanotubes (SWCNT) and multi-wall carbon nanotubes (MWCNT). The 
SWCNTs typically have diameters ranging from 0.7 to 5.0 nm with thickness of 0.34 
nm. MWCNTs have a number of graphene sheet co-axially rolled together to form a 
cylindrical tube consisting of 2 to 50 nm of these tubes and has inner diameter of 1.5 
to 15.0 nm and outer diameters of 2.5 to 30 nm. Depending on the angle at which the 
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graphite sheet is rolled, CNTs can be categorized as “armchair”, “zig-zag”, and 
“chiral” nanotubes as shown in Figure 2.33 [61]. 
 
Figure 2.32 Types of carbon nanotube [60]. 
 
Figure 2.33 Schematic structure of CNTs after graphite sheet folding [61]. 
 
CNTs are usually synthesized by the following methods: 
 
(i) Arc-discharge 
The carbon arc-discharge method refers to the growth of CNTs by arc-discharging 
graphite in inert gas [62], hydrocarbon, or hydrogen atmosphere [63]. This is the most 
common and perhaps the easiest way to produce CNTs. However, it is a technique 
that produces a complex mixture of components and requires further purification to 
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separate the CNTs from the soot and the residual catalytic metals present in crude 
product. 
 
In 1992, Ebbesen and Ajayan [62] firstly used arc-discharge technique to prepare high 
quality MWCNTs at the gram level. In following year, Bethune and a coworkers [64] 
reported a cobalt-catalysed growth of SWCNTs by using arc-discharge, in which 
electrodes were prepared by filling graphite rods with a mixture of powdered metals 
(Fe, Ni or Co) and graphite. Arc-discharge method is usually used to produce high 
quality and nearly perfect nanotube structure for scientific research. 
 
 (ii) Laser Ablation 
Laser ablation is another useful method to produce CNTs with high quality and high 
purity. The technique was firstly invented by Samlley and co-workers in 1995 [65].  
This technique involved direct vaporization of the mixture of graphite and transition 
metals by using a pulsed laser in a high temperature reactor with inert gas going 
through the chamber. Compared with arc-discharge method, laser ablation showed 
greater control over growth, continuous operation, higher yield production and better 
quality. This technique is improved later by Yudasaka et al [66]. They used 
doubletarget laser ablation to massively produce SWNTs with higher purity compared 
to a single-target one. Afterward, much effort has been put in to optimize the growing 
process of CNTs, such as composition target, gas pressure, temperature and laser 
variations [66, 67]. 
 
(iii) Chemical vapor deposition 
Chemical vapor deposition (CVD) is a classical method to produce carbon materials 
such as carbon fiber, filament, and nanotube materials [68]. The CVD method 
involves synthesizing CNTs from hydrocarbon-containing feedstock on catalysts at 
high temperature (500-1000ºC) in a tube furnace [69]. The choice of feedstock 
includes methane [69], ethylene [70], carbon monoxide [71] and benzene [72]. 
Transition-metallic nanoparticles formed on porous aluminum oxide with large 
surface areas are always used as a catalysts [73].  The growth mechanism of CVD 
method is commonly interpreted as follow [71]: (1) the dissociation of hydrocarbon 
molecules catalyzed by transition-metallic nanoparticles; (2) the dissolution and 
saturation of carbon atoms in transition-metallic nanoparticles; (3) the formation of 
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tubular carbon solid in a sp2 structure results from the precipitation of carbon from 
the saturated transition-metallic nanoparticles. Compared with above two methods, 
the CVD method has significantly attracted industry due to its advantage on largescale 
production of CNTs from kilogram to ton level for commercial purpose. 
 
2.3.3 Preparation of polymer nanocomposites 
Many methods have been reported for the preparation of polymer-based composites. 
The important ones are: (i) intercalation of nanoparticles with the polymer or pre-
polymer from solution (ii) in situ intercalative polymerization, (iii) melt intercalation; 
(iv) direct mixture of polymer and particulates; (v) template synthesis (vi) in situ 
polymerization (vii) sol-gel process.   It can be classified the preparation of polymer 
nanocomposites under two major categories: as chemical and physical methods. 
Chemical methods are in-situ processes and physical methods consist of solvent 
processing; melt-processing, which can be described as follows.  
 
 
2.3.3.1 In situ polymerization 
In situ polymerization is based on the following procedure: swelling of the layered 
silicate (or addition of nanofillers) within the liquid monomer and the polymerization 
can be initiated either by heat or radiation, by the diffusion of a suitable initiator, or 
by an organic initiator. At first this approach was successfully applied in 
manufacturing of nylon–montmorrillonite nanocomposite, and later it was extended to 
other thermoplastics. This is a convenient method for thermoset/clay nanocomposites. 
Figure 2.34 shows a schematic for illustration of the process for the formation of 
Nylon-6/organoclay nanocomposite through in situ polymerization [86]. Figure 2.35 
shows a schematic for illustration of the process for the formation of nanocomposites 
of polystyrene-nanographite. [74]. 
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Figure 2.34 Schematic illustration of the process for the formation of Nylon-
6/organoclay nanocomposite through in situ polymerization [75]. 
 
 
 
 
Figure 2.35 Schematic illustration of the process for the formation of 
nanocomposites of polystyrene-nanographite [74]. 
 
 
 
CHAPTER 2: Literature Review 
 
40 
 
2.3.3.2 Physical methods 
Physical preparation methods for preparation of polymer nanocomposites are based 
on liquid particle dispersions, but there are differ in the type of the continuous phase. 
In melt processing, particles are dispersed into a polymer melt and then preparation of 
polymer nanocomposites are obtained by extrusion. Casting methods use a polymer 
solution as a dispersant and solvent evaporation yields the polymer–inorganic 
nanocomposites material [76]. Figure 2.36 shown an overview of melt processing and 
film casting approaches. 
 
 
Figure 2.36 Preparation methods for nanocomposites: (a) melt compounding, 
(b) film casting[75]. 
2.3.3.2.1 Melt processing 
In this technique, no solvent is required and the layered silicate (or nanofillers) is 
mixed within the polymer matrix in the molten state. A thermoplastic polymer is 
mechanically mixed by conventional methods such as extrusion and injection 
moulding with organophillic clay (or nanofillers) at an elevated temperature. The 
polymer chains are then intercalated or exfoliated to form nanocomposites. This is a 
popular method for preparing thermoplastic nanocomposites. However, dispersion is a 
big challenge in melt processing. 
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2.3.3.2.2 Solution method 
Figure 2.37 gives a schematic for illustration of the process for the formation of 
polymer/clay nanocomposites prepared using solution method.  
 
 
 
Figure 2.37 Schematic illustration of the process for the formation of 
polymer/clay nanocomposites prepared using solution method [76]. 
 
Organoclay (or nanofillers) can be easily separated and dispersed in an adequate 
solvent in which the polymer is soluble. The polymer absorbs onto the delaminated 
sheets, and when the solvent is evaporated, the sheets sandwich the polymer to form 
an ordered, multilayered structure. 
 
Solution method is considered as perhaps the most common method to prepare the 
CNT/polymer nanocomposites [77], which mainly involve two steps: a) the 
dissolution of CNTs and polymers in solvents; and b) the evaporation of solvents. 
Mechanical stirring, shear mixing, and ultrasonification are generally used to disperse 
CNTs in solvents. The advantage of this method is that the mechanical agitation 
especially ultrasonication can effectively reduce the aggregation of CNTs. 
 
2.3.4 Structure of polymer nanocomposites 
On the basis of the particular characteristics of layered silicates, three structurally 
different types of polymer/clay composites can be fabricated as shown in Figure 38: 
(i) conventional composites, (i) intercalated polymer/clay and (ii) exfoliated 
polymer/clay nanocomposites.  In conventional composites, a phase separated 
composite is formed and the silicate acts as conventional filler although nanofiller is 
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incorporated.  Solution and melt intercalation usually result in intercalated 
nanocomposites, where the polymer chains are inserted between clay layers but the 
well-ordered multilayer morphology of the clay remains.   The exfoliated clay 
structure, where the clay layers are completely delaminated into single sheets and 
randomly orientated in the polymer matrix, can be achieved through in situ 
polymerization.  
 
The properties of conventional composite remained to that of polymer composite 
reinforced by microparticles. Meanwhile, an intercalated nanocomposite which is the 
insertions of a polymer matrix into the layered silicate structure occurs in a 
crystallographically regular fashion, regardless of the clay to polymer ratio. Normally 
in this type, the mechanism of interlayer by a few molecular layers of polymer and the 
properties is resembles those of the materials. In contrast to others, an exfoliated 
nanocomposite is thermodynamically the individual clay layers are separated in a 
continuous polymer matrix by an average distance that depends on clay loading. 
Usually, the clay content of an exfoliated nanocomposite is much lower than that of 
intercalated nanocomposites.  Exfoliation is more appealing for the enhancement of 
certain properties of the material because of the high degree of dispersion and 
maximum interfacial area between polymer and clay. In reality, most nanocomposite 
systems fall between these two and showed mixed morphologies.  Kinetic aspects 
associated with Brownian motion and shear alignment of layers [78], along with the 
processing history, will produce positional and orientational correlations between the 
plates.  In terms of the mechanical properties of nanocomposites, increased elastic 
modulus has been reported to have a prominent effect [79].  The better the silicate 
platelets are exfoliated, the stronger the reinforcement effect on the resulting 
nanocomposite at a given clay content will be.  The degree of exfoliation or of 
intercalation of the clay in the polymer matrix has been found to have implications for 
the final properties of the nanocomposites. 
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Figure 2.38 Schematic illustration of three types of polymer layered silicate 
composites: (a) conventional composite, (b) intercalated nanocomposite (c) 
exfoliated nanocomposite. 
 
2.3.5 PC nanocomposites  
2.3.5.1 Property enhancements of PC nanocomposites 
 
The properties of the nanocomposites are contributed to the properties of the 
components, shape and volume fraction of the filler, the morphology of the system 
and the nature of the interphase that sometimes develop at the interface of the two 
components [80]. The extent of property enhancement depends on many factors 
including the aspect ratio (length/diameter) of the filler, its degree of dispersion and 
orientation in the matrix, and the adhesion at the filler-matrix interface [81]. 
 
In recently years many attempts have been made toward preparation of PC-based 
nanocomposites by incorporation of nanofillers.  A variety of PC nanocomposites 
have been successfully fabricated such as PC/clay, PC/CNT, PC/polyhedral 
oligomeric silsesquixane (POSS) (and its derivatives) , PC/metallic oxide and PC/ 
calcium carbonate (CaCO3).  
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Huang et al. [82] reported the synthesis of a partially exfoliated bisphenol PC 
nanocomposite using carbonate cyclic oligomers and dimethylditallowammonium- 
exchanged MMT. The results indicate that exfoliation of this OMLS occurred after 
mixing with the cyclic oligomers in a brabender mixer. Subsequent ring-opening 
polymerization of the cyclic oligomers converted the matrix into a liner polymer 
without disruption of the nanocomposite structure.  
 
Rama and coworker [83] prepared a series of PC/clay nanocomposites via directly in 
situ melt polycondensation using novel organoclays modified using phosphonium and 
imidazolium based cations. WAXD and TEM indicated that exfoliated PC/clay 
nanocomposites could be obtained using an organoclay which contained a reactive 
bisphenol group in the modifier.  The storage modulus of these PC nanocomposites 
was significantly improved.  This effect dramatically supports significant dispersion 
and even exfoliation of the organoclay particles in the matrix. 
 
Polyhedral oligomeric silsesquixane (POSS) and its derivatives are a series of nano-
materials hybridized by organic substitutes and inorganic Si-O core which form a 
cage-like molecular structure with the stable inorganic Si-O core surrounded by the 
substitutes. Due to their structures of POSS and its derivatives have better 
compatibility with polymer matrix and the molecules are easier to be separated 
leading to better incorporation and dispersion.  They have been used for 
reinforcement of PC polymer [84-86]. Zhao and co-worker [84] have prepared a 
series of POSS/PC composites. POSS derivatives exhibit different compatibilities 
with PC, depending on the nano-scale filler’s specific structure. Trisilanolphenyl-
POSS/PC composites, which possess the best overall performance among the POSS 
materials tested. The high compatibility between the trisilanolphenyl-POSS and 
polycarbonate matrix results in generation of transparent samples up to 5 wt% POSS 
content. Slightly enhanced mechanical properties including tensile and dynamic 
mechanical modulus are observed with the increase of trisilanolphenyl-POSS loading 
( See Figure 2.39 and Table 2.4). The 3 wt% trisilanolphenyl-POSS/PC shows no 
statistically significant difference in notched impact strength from the PC control. 
Optimal loading of compatible, crystalline grades of POSS would appear to be 
approximately 5 wt%, balancing mechanical and optical properties of the system. 
Importantly, upon orientation of the PC/POSS nanocomposite, crystallization of 
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POSS within the oriented material results—this observation is consistent with a 
growing number of observations which suggest that ‘bottom-up’ formation of 
structures incorporating multiple POSS cages result from orientation of these 
nanocomposites, and that the hybrid organic–inorganic inclusions may be at the heart 
of observed nano-scale reinforcement. 
 
 
 
Figure 2.39 Typical stress-strain plot of POSS/PC composites at different 
POSS concentrations. 
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Table 2.4 The results of dynamic mechanical analysis (DMA) for various 
POSS/polycarbonate composites: 
 
POSS/PC sample 
DMA 
 
E’ at 30 oC (GPa) 
 
Peak values 
of tan d at Tg 
 
Tg (oC) 
PC control 1.68 1.94 153.2 
Trisilanolphenyl-POSS    
2.5% 1.63 1.85 152.8 
5% 1.67 1.83 154.2 
10% 1.88 1.72 153.3 
Trisilanolisooctyl-POSS    
2.5% 1.48 2.17 152.4 
5% 1.61 1.95 151.8 
10% 1.36 2.05 152.0 
 
PC/Ph-POSS composites prepared through direct melt blending were investigated by 
Sánchez-Soto and coworkers [86].  The Ph-POSS exhibit limited compatibility with 
the matrix resulting in hybrid composites with a heterogeneous microstructure. The 
resultant morphologies were dependent on the quantity of POSS present in the 
composite. A small part of the Ph-POSS remained dispersed at a molecular level 
within the matrix. Both DSC and DMA measurements showed a continuous decrease 
of the glass transition temperature of the composites as the amount of nanofiller was 
increased implying that Ph-POSS is acting like a plasticizer for PC. However, the 
composite’s mechanical properties reflected a small but positive reinforcement effect. 
The PC/POSS hybrid composites displayed a slightly increase in the storage modulus. 
Also, the break stresses, analysed by tensile tests, were found to increase at the 
intermediate concentrations levels. Both effects were attributed to the presence of 
micron-sized Ph-POSS crystals that caused a restriction to chain mobility over 
passing the plasticizing contribution. On the other hand, the formation of 
macroaggregates is responsible for the progressive brittle behaviour detected on the 
highly-filled composites. 
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Figure 2.40 Stress–strain curves of PC/Ph-POSS composites [86]. 
 
 
 
Figure 2.41 Evolution of yield strain and yield stress versus the amount of Ph- 
POSS added to the matrix [86]. 
 
Very recently, graphene nanosheet/ PC nanocomposites prepared by both emulsion 
mixing and solution blending methods, respectively, were reported [87].  Graphene 
nanocomposites with 1.1 and 2.2 vol% graphene were in the conductive regime with 
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exceptionally high conductivities. The ac conductivity measurements exhibited good 
agreement with the dc conductivities. The linearity of the conductivity versus the 
concentration, φ -1/3, indicates that charge carrier tunneling occurring along the 
correlating distance between the nanoparticles exists. High-resolution electron 
microscopy and small-angle neutron scattering showed isolated graphene with no 
connectivity path for insulating nanocomposites and connected nanoparticles for the 
conductive nanocomposites.  Dynamic tensile moduli of nanocomposites increased 
with increasing graphene in the nanocomposite. The glass transition temperatures 
were decreased with increasing graphene for the emulsion series.  
 
 
Figure 2.42  Dynamic properties of  grapheme/PC nanocomposites. (a) 
Tensile storage moduli. (b) Damping tan [87]. 
 
The dynamic mechanical and morphological properties of the PC/MWNT composites 
were investigated by Sung and coworkers [88]. In summary, dynamic mechanical 
properties of the PC/MWNT composites analyzed by the DMTA showed the 
following behavior. For the without annealed PC/MWNT composites containing the 
low content of the MWNT (%4.0 wt%), single tan δ peak which corresponds to the Tg 
of the PC is observed. For the without annealed PC/MWNT composites containing 
the high content of the MWNT (>7.0 wt%), double tan δ peaks are observed.  It is 
suggested that the lower tan δ peak of the PC/MWNT composites corresponds to the 
Tg of the PC matrix, and the higher tan δ peak of the PC/ MWNT composites 
corresponds to the confined PC chain by the MWNT. For the annealed PC/MWNT 
composites, a broad single tan d peak is observed, which suggests that the structural 
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change such as crystallization of the PC in the PC/ MWNT composites are induced by 
annealing the PC/ MWNT composites. 
 
Carbon nanotubes were investigated as high-performance reinforcement for polymer 
composites. The inherently superior mechanical properties of nanotubes coupled with 
the high interfacial surface areas available to dissipate energy suggest that nanotube-
polymer composites would have excellent potential as high-strength, impact-resistant 
materials. The multiwall carbon nanotubes (MWNT) produced by arc and chemical 
vapor deposition and the double-walled nanotubes (DWNT) produced by the arc 
process were investigated as reinforcement in polycarbonate thermoplastic [89]. 
 
The as-grown non-polar nanotubes did not disperse readily in high molecular weight 
polycarbonates. However, a significant increase in compressive strength was achieved 
by using uniformly dispersed nanotubes in low molecular weight polycarbonate and 
also in an optimum ratio of low and high molecular weight polycarbonate. The 
compressive strength enhancement for the same polymer matrix by the different 
nanotubes is dependent on the nanotube’s purity, the inherent properties (strength and 
dimension) of the nanotubes, and polymer compatibility. 
 
PC/MWNT nanocomposites with different contents of MWNT were successfully 
prepared by melt compounding [90]. The mechanical properties of the PC/MWNT 
nanocomposites were effectively increased due to the incorporation of MWNTs. In 
case of 0.3 wt% of MWNT in the matrix, strength and modulus of the composite 
increased by 30% and 20%, respectively (see Table 2.5).  SEM observations revealed 
that a fine dispersion of MWNTs was achieved. In addition, the dispersion of 
MWNTs in the PC matrix resulted in substantial decrease in the electrical resistivity 
of the composites as the MWNTs loading was increased from 1.0 wt% to 1.5 wt%. 
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Table 2.5 Mechanical Properties of PC and PC/MWNT Composites:  
Sample Name Strength 
(MPa) 
Modulus 
(GPa) 
Elongation at 
break (%) 
Impact 
Energy 
(J/m) 
PC 52.9 4.8 7.9 780 
PC/0.15wt%MWNT  54.9 5.4 6.5 1030 
PC/0.3wt%MWNT 63.5 6.2 7.5 1380 
PC/0.5wt%MWNT 60.3 4.9 8.0 1026 
PC/1.0wt%MWNT 56.3 4.4 7.6 722 
PC/1.5wt%MWNT 54.2 4.3 7.8 865 
(average ± standard deviation, N = 5) 
 
The mechanical properties of nanocomposites, prepared from various polymers and 
nanoparticles, did not always increase. In some cases, the properties of 
nanocomposites were decreased by the addition of nanoparticles because of 
aggregation in polymer matrices. To solve this problem, the load amounts of 
nanofillers were optimized or were functionalized with organic material. This implies 
that the interfacial adhesion is not strong enough to stand up to large mechanical 
forces [91], likely because the homogeneous dispersion of nanoparticles was difficult. 
Nano-sized particles have high surface energy and thus, they are easy to aggregate. 
 
 
2.3.5.2 High performance of PC nanocomposites at high strain rates 
PC nanocomposite materials present potentials in high impact related applications, for 
examples body armour, vehicles and sports equipments. For those nanocomposite 
materials it is important to have high impact resistant capabilities under high strain 
rate because strain rate ranges between 100s-1 to 104s-1 occur in many practical events 
like foreign object impact damage, blast loadings, structure impact etc. The behavior 
of materials under high strain rate tensile load may be considerably different than that 
of static loadings. So the fundamental research work on dynamic and fracture 
characteristics of polymeric materials is of a remarkable importance.  Up to now there 
is only a few of papers and researches reported relatively to the mechanical properties 
of materials at high strain rates [92]. 
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Chen and Song investigated the dynamic compressive mechanical responses of two 
types of polymer, polycarbonate (PC)/clay nano-composite and a set of epoxidized 
soybean oil (ESO)/clay nanocomposites at different strain rates [93]. In the 
experiments to determine the dynamic response of such nanocomposites,  the pulse 
shaping techniques on a split Hopkinson pressure bar (SHPB) for constant-strain-rate 
deformation under dynamically equilibrated stresses in specimens  were applied and 
such that accurate stress-strain curves at various dynamic strain rates were obtained. 
Corresponding quasi-static stress-strain was also obtained to study the rate effects 
over a wide range.  Both types of the polymers/nanocomposites revealed strong rate 
sensitivities in their non-linear mechanical behaviours. The results were shown in 
Figures 2.43-2.45. The effects of nanoclay load on the polymer strength were mixed. 
The nanoclay is exposed to have positive effects on the nanocomposites at lower 
strain rates. It has little or negative effects at high strain rates, especially when the 
clay load is high (8%). 
 
 
Figure 2.43 A typical set of stress-strain curves for soy-bean oil 
nanocomposites[93]. 
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Figure 2.44 Effects of nanoclay on the strength of the oil/clay nanocomposite   
[93].                                     
 
Figure 2.45 Yield strength increases with clay load in a PC/clay composite 
[93]. 
 
Mulliken and Boyce developed a novel PC nanocomposite by blending PC with 
TriSilanolPhenyl- POSS, at a ratio of 95:5. The rate-dependent mechanical properties 
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of POSS-based PC/nanocomposite and its homopolymer counterpart were 
investigated. In this particular material system, the POSS was found to enhance the 
mobility of secondary molecular motions, without affecting the large chain rotations 
and/or translations associated with the PC process [94]. 
 
True stress-strain curves of all uniaxial compression testing were generated under 
high rates (1200 s−1 to 4000 s−1) on an aluminum split-Hopkinson bar system. The 
results for PC and its nanocomposites are summarized in Figures 2.46-2.49. Figure 
2.46 contains representative stress-strain curves for the PC-POSS, at strain rates 
ranging from 10−3 s−1 to 2200 s−1.  As with neat PC (Figure 2.48), the flow stress of 
the nanocomposite is highly rate dependent, while the general character of the stress-
strain curve remains the same over the entire range of strain rates tested. 
 
In Figure 2.48, the stress-strain behavior of the nanocomposite is compared directly 
with that of the PC homopolymer. At 10−3 s−1, the stress-strain curves are nearly 
identical. If mechanical characterization were limited to quasistatic testing, one may 
be led to believe that the POSS particles had no effect upon the mechanics of this 
polymer. However, it is clear from the high rate curves in Figure 2.48 that the POSS 
does in fact alter the mechanics of PC. Under high rate compression, the PC-POSS 
yield stress and post-yield stress-strain behavior is significantly lower than that of the 
neat PC. 
 
The yield stress as a function of strain rate for the PC-POSS nanocomposite is 
presented in Figure 2.49, in comparison with that of the neat PC. Both materials are 
observed to transition between two distinct regimes of strain rate sensitivity, over the 
range of strain rates tested. The data trend lines indicate that, in both cases, the 
transition is centered at a strain rate of approximately 100 s−1. 
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Figure 2.46 PC true stress-stain behaviour at low, moderate, and high strain 
rates [94]. 
 
 
Figure 2.47 PC/POSS nanocomposite true stress-stain behaviour at low, 
moderate, and high strain rates [94]. 
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Figure 2.48 PC and PC-POSS nanocomposite true stress-true strain behavior 
at low (10−3 s−1) and high (~2400 s−1) strain rates [94].  
 
 
Figure 2.49 PC and PC-POSS nanocomposite true yield stress as a function of 
strain rate, from low to high strain rates [94]. 
 
 
The results also indicate that the “local plasticization” effect reduces the overall 
deformation resistance of the polymer at low temperatures and high-strain rates. By 
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lowering the stress levels under these conditions, the POSS may suppress certain 
brittle failure modes and increase the overall ductility of the polymer, thereby 
enhancing its energy absorption capabilities during impact. Furthermore, the unique 
behaviors of this material system should help to guide the design of polymer 
nanocomposites for specific high-rate applications. It may be possible to select a 
different nanoscale particle which restricts rather than enhances the mobility of 
secondary molecular motions in PC. One could then construct a microscale composite 
of these versions of PC, i.e., the neat, the ductility enhanced, and the strength 
enhanced, to provide. 
 
2.4 Conclusions 
 
In this chapter, an overview of mechanical property responds of polymer at high strain 
rate has been given.  In particular, a number of investigations have shown that the 
combination of particles and polymer chains that are on similar length scales have 
numerous advantages and considerable excitement for the possibility of intelligently 
designing predictable, optimized material structures. It confirms quite well the interest 
in the use of polymer nanocomposite technology, which offers significant potential in 
the development of advanced materials for structural, military and sports applications, 
mainly for application of light-weight personal protection. However, the main 
challenge for successful preparation of polymer nanocomposite is dispersion of 
nanofillers in polymer matrix.  
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Chapter 3: Experimental 
 
In order to show the validity of this research, the employed materials, 
instrumentations, sample fabrication, experimental procedures and the 
characterisation techniques used are detailed as follows:  
 
3.1 Materials 
 
Polycarbonate (PC) was supplied by Sabic Innovative Plastics. Grades used were 
Lexan 141L which is the medium molecular weight.  high density polyethylene 
(HDPE) powder was provided kindly by Simthers Rapra (UK) with molecular weight 
of Mw =199 000 and particle size is about 630 µm. Multiwalled carbon nanotube 
(MWCNT) used is chemically modified with hydroxyl group (-OH) about 3.5% and 
was purchased from Chengdu Institute of Organic Chemistry, Chinese Academy of 
Science. The TEM image of MWCNTs was shown in Figure 3.1.  The specifications 
of MWCNT-OH are listed in Table 3.1. Na+ montmorillonite (Na+-clay) – PGW was 
obtained from Southern Clay Products, USA.  Solid density is ranging from 2 to 
2.7g/cm3. 
 
 
 
Figure 3.1 A TEM image of MWCNTs. 
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Table 3.1 Specifications of MWCNT-OH: 
MWCNTs-OH 
Outer diameter 8~15nm 
Inter diameter 3~5nm 
Ash <1.5% 
Purity >95% 
length 10~50μm 
Specific surface area 233m3/g 
Electrical conductivity >100S/cm2 
Bulk density ~0.15g/cm3 
True density ~2.`1g/cm3 
 
 
3.2 Preparation of polymer nanocomposites 
3.2.1 Preparation of HDPE or PC nanocomposites 
In this research, a series of HDPE/MWCNT, PC/MWCNT or PC/Clay 
nanocomposites were successfully fabricated by melt compounding method using a 
Haake as shown in Figure 3.2. The processing conditions are listed in Table 3.2.  
Dispersion of nanofillers in polymer matrix is a critical step to successfully fabricate 
polymer nanocomposites. In this research, a special method for dispersion of 
nanofillers developed by professor Mo Song was used (Confidential !!).   
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Figure 3.2 Haake Polylab Rheomix mixer. 
 
Table.3.2 processing conditions: 
Composite Time 
(min) 
Speed          
   (rpm) 
Set-Temp 
(°C) 
HDPE/MWCNT 10 60 180 
PC/MWCNT 2 70 260 
PC/Clay 2 70 260 
 
Due to hydrolysis effect, even small amounts of water inside the PC and 
PC/nanocomposites  may cause a hydrolysis of carbonate bond and a reduction in 
molecular weight of PC, and hence a destruction of PC molecular structure. To 
minimise such devastating effects, water must be rigorously removed and kept out in 
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mixing. Thus it is extremely significant to thoroughly dry the PC and 
PC/nanocomposites at 120oC for two hours before mixing for PC and 
PC/nanocomposites. 
 
The abbreviation symbols used in the study for PC and HDPE nanocomposites are 
shown in Tables 3.3, 3.4 and 3.5. 
Table 3.3 Compositions and abbreviation of the HDPE and HDPE/MWCNT: 
Sample 
Wt of nanofillers 
(%) 
Comp. (wt%) 
HDPE MWCNT 
HDPE 0 100 0 
HDPE/MWCNT 0.1 99.9 0.1 
HDPE/MWCNT 0.3 99.7 0.3 
HDPE/MWCNT 0.6 99.4 0.4 
HDPE/MWCNT 1.0 99 1.0 
HDPE/MWCNT 2.0 98 2.0 
 
Table 3.4 Compositions and abbreviation of the PC and PC/MWCNT: 
Sample 
Wt of nanofillers 
(%) 
Comp. (wt%) 
PC MWCNT 
PC 0 100 0 
PC/MWCNT 0.1 99.9 0.1 
PC/MWCNT 0.3 99.7 0.3 
PC/MWCNT 1.0 99 1.0 
 
Table 3.5 Compositions and abbreviation of the PC and PC/Clay: 
Sample 
Wt of nanofillers 
(%) 
Comp. (wt%) 
PC Clay 
PC 0 100 0 
PC/Clay 0.1 99.9 0.1 
PC/Clay 0.5 99.5 0.5 
PC/Clay 1.0 99 1.0 
PC/Clay 3.0 97 3.0 
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3.2.2 Preparation of specimens for mechanical property testing  
 
Compression moulding is then applied to make specimens for testing. The first step 
was that leaving the PC and PC/nanocomposite powder in an oven for two hours at 
120oC. It was then necessary to clean the mould by a high pressure air tap, for the 
purpose of getting rid of dust, which might lead to some bubbles in the final products. 
Next, the dried PC and PC/nanocomposite powder were taken from the oven and 
filled into the mould (plate shape for the IFWI test (Figure 3.3) and cylinder shape for 
the SHBP test (Figure 3.4). To facilitate taking the shaped samples out from the 
mould and reduce the surface roughness of the specimen, two pieces of 
polytetrafluoroethylene (PTFE) sheet acting as release agents were located between 
the mould and the PC material, due to the melting point of PTFE which 327 °C it 
ideal to use this sheet with elevated temperature processing. The mould then was 
transferred into the compression moulding machine for heating 4 minutes at 260oC. 
After that, the mould was moved into another compression moulding machine with 
water cooling system to cool down to room temperature. Finally, the shaped 
specimens were taken out from the mould and the flashing were cut off. Duplicated 
operations then were carried out to produce sufficient quantities of the specimens.  
 
Figure 3.3 Specimen of IFWI test (75mm x 75mm). 
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                  Figure 3.4 Specimen for SHPB test (8mm x 4mm). 
 
For HDPE and HDPE/MWCNT samples, no require to dry the powders, so direct the 
mould transferred into the compression moulding machine for heating 4 minutes at 
180oC. After that, the mould was moved into another compression moulding machine 
with water cooling system to cool down to room temperature.  
 
3.3 Instrumentations and characterisations 
3.3.1 Ultrasonic Dismembrator 
Ultrasonic Dismembrator Model 500 and disruptor hirn, Fisher Scientific Company 
(UK) was employed at 75% of maximum amplitude to dispersion of nanofillers ( 
Figure 3.5).  
 
Figure 3.5 Ultrasonic dismembrator and disruptor horn. 
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3.3.2 Scanning Electron Microscope (SEM)  
Morphology of samples was observed by using SEM Model Cambridge Instrument 
Stereoscan 360 Model LEO1530 VP. It was conducted in the Secondary Electron 
Images (SEI) mode at an accelerate voltage of 5-20kv and several magnifications.  In 
case of low conductive samples, they mounted on aluminium stub and sputtered with 
thin layer of gold on the surfaces before visualisation. 
Background 
The scanning electron microscope (SEM) is a versatile instrument that can be used for 
many purposes. The morphological analyses of nanocomposite samples were 
performed by scanning Electron Microscopy (SEM). The SEM consists of an electron 
field emission gun producing a source of electron at an energy range of 1-40kev 
(FEGSEM, LEO 1530VP instrument). The electron lenses then reduced the diameter 
of the electron beam in order to focuses a small beam onto the specimen. The electron 
beam interacts with the near-surface region of the specimen to a depth of about 1µm 
and generates signals used to form an image. 
 
In this study SEM images was used to compare the morphologies of HDPE, 
HDPE/MWCNT, PC and PC/ nanocomposites before and after SHPB test at different 
high strain rates. Samples were prepared from the surfaces of the HDPE, 
HDPE/MWCNT, PC and PC/ nanocomposites that have been fracture. The SEM used 
for this study is capable of differentiating particle detail as small as 1 nm depending 
on elemental contrast and other parameters. The smaller the beam size, however, the 
less current available to from a clear picture. These surfaces were sputtered with gold 
to provide an electrically conductive layer, to suppress surface charge, to minimize 
radiation damage and to increase electron emission. It is run under a vacuum to 
minimize beam interaction with gas molecules which would retard resolution. 
 
When an electron beam hits the sample, the interaction of the beam electrons from the 
filament and the sample atoms generates a variety of signals. Depending on the 
sample, these can include secondary electrons (electrons from the sample itself), 
back-scattered electrons (beam electrons from the filament that bounce off nuclei of 
atoms in the sample), X-rays, light, heat, and even transmitted electrons (beam 
electrons that pass through the sample). Unlike the light microscope, in which light 
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forms an instant "real image" of the specimen, the electrons in an SEM do not form a 
real image. Instead, the SEM scans its electron beam line by line over the sample. It is 
much like using a flashlight in a dark room to scan the room from side to side. 
Gradually the image is built on a TV monitor (cathode ray tube or CRT for short).  
Microscopic examination of fracture surfaces of materials can generally provide 
valuable information regarding the material behaviour near crack tips, especially in 
filled polymers.  This technique is extensively used to examine the topographic 
feature of specimen surfaces. The scanning electron microscope is a device which 
forms images of microscopic surface regions at magnifications normally range of ×20 
to × 100,000 with the optimum useful magnification being × 20,000 to × 50,000 
depending on the type of specimen and the construction of the instrument. 
 
 
 
 
 
 
 
 
 
                           Figure 3.6 The principle of SEM [1]. 
 
Normally, it includes three parts, 1) an electron gun and a means of focusing a beam 
of electron on the specimen, 2) a system of electron magnetic lenses used to 
demagnify the electron beam diameter to 5-10nm across the specimen, and 3) a means 
of detecting the response from the specimen and a display system [1]. 
 
. 
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3.3.3 Transmission Electron Microscope (TEM)  
TEM Model JEOL JEM 2000 FX was used to visualise the local state of dispersion of 
nanofiler in the polymer matrix and a Cambridge Huxley ultramicrotome was used to 
prepare thin sample for TEM observation.  TEM was performed at an accelerated 
voltage of 200kv. 
Background 
The TEM is an electron-optical microscope that uses electromagnetic lenses to focus 
and direct an electron beam. Data are collected from the beam after it passes through 
the sample. The reason for using an electron beam instead of a light beam is that 
electrons have a shorter wavelength than photons. Resolution and magnification of a 
microscope are related to the wavelength and the energy of the radiation. In general, 
the shorter is the wavelength, the better is the resolution. The source radiation is 
generated using an electron gun. The resulting beam of electrons is focused into a 
tight, coherent beam by multiple electromagnetic lenses and apertures. The lens 
system is designed to eliminate stray electrons as well as to control and focus the 
electron beam. 
 
The TEM is an electron-optical microscope that uses electromagnetic lenses to focus 
and direct an electron beam. Data is collected from the beam after it passes through 
the sample. The reason for using an electron beam instead of a light beam is that 
electrons have a shorter wavelength than photons. Resolution and magnification of a 
microscope are related to the wavelength and the energy of the radiation. In general, 
the shorter the wavelength is, the better the resolution is. The source radiation is 
generated using an electron gun. The resulting beam of electrons is focused into a 
tight, coherent beam by multiple electromagnetic lenses and apertures. The lens 
system is designed to eliminate stray electrons as well as to control and focus the 
electron beam.  Transmission electron microscopy of ultra thin specimens has become 
a prime technique for characterization of samples.  
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Figure 3.7 The structure of TEM [2]. 
 
Basically, the electron gun produces thermal electrons. These electrons are 
accelerated by applying high voltage to form an electron beam. The electron beam is 
then focused on and penetrates the specimen. Additional electrostatic and/or 
electromagnetic lenses are used in order to form the image which can be observed on 
a fluorescent screen or recorded photographically [2]. 
 
3.3.4 X-Ray Diffractometer (XRD) 
Gallery spaces of clay layers in composites were investigated by using X-ray 
diffraction technique. X-rays were produced from the x-ray tube with a copper target 
operated at a voltage of 40 kV and a current of 30 mA. The investigation was 
conducted on the X-ray diffractometer using Cu Kα radiation (λ = 0.1542 nm). 
Samples were scanned at a rate of 0.24° min-1 from about 10° to 30° at 2θ. 
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Background 
X-ray diffractometry is a useful technique to derive information about the structure of 
semi-crystalline and amorphous materials [3]. When x-rays of one wave length pass 
through a crystalline material, they will be scattered by all atoms of the crystal lying 
in the path of the incident beam [4]. 
 
The scattered waves are called diffracted beam. Figure 3.8 shows diffraction of x-rays 
by a crystal. In diffraction, the angle of incidence (θ ), also known as Bragg’s angle, is 
defined as the angle between the crystal plane and the incident beam. And the angle of 
diffraction is the total deviation of the diffracted beam from the original incident 
beam, thus, equal to 2θ. In order to fulfil Brag’s Law, the difference in the distances 
travelled by two incident beams A and B must be exactly an integral number (n) of 
wavelength (λ). 
 
From elementary trigonometry, 
 
sin θ  =  DE/CE                                                                                                        (3.1) 
    =   DE/ 'd                                                                                                               (3.2) 
  ∴ DE  =  'd sin θ                                                                                                    (3.3) 
 DE + EF  =  2 'd sin θ                                                                                               (3.4) 
 nλ  =  2 'd sin θ                                                                                                         (3.5)              
   λ   =  2 
n
d ' sin θ                                                                                                      (3.6) 
where 
n
d '  is a spacing between adjacent planes of planes in the form (nhnknl) which 
are parallel to a plane (hkl). And n corresponds to order of reflections. A first order of 
reflection occurs if n = 1 and then a spacing of a plane (hkl) will simply be 'd . If n > 
1, the reflections are called higher order. By setting d = 
n
d ' , the Equation above can 
be rewritten as:     
θλ sin2d=                                                                                                         (3.7) 
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Equation 3.7 which is derived from Bragg’s law is important in indexing x-ray 
diffraction patterns and determining distances between layers in a crystal [4].  
 
 
 
Figure 3.8 Diffraction of x-ray by a crystal [4]. 
 
 
3.3.5 Differential Scanning Calorimeter (DSC) 
In this study, the thermal analysis was carried out using a TA Instrument differential 
scanning calorimeter, DSC 2920. Two aluminium sample pans, one containing a 
sample (7~ 10mg) to be tested and one remaining empty that is used as a reference are 
placed in the measuring unit and heated at the same heating rate (10°C/min), the heat 
flow difference between the sample pan and reference pan as a function of time was 
measured. This is done under a nitrogen atmosphere to prevent oxidation of the 
material. The samples were cyclically heated - cooled - reheated. At first the sample 
was heated at a rate of 10°C/min up to 200°C, (this was to remove any thermal history 
applied to the material During the processing), cooled at 10°C/min to 40°C and then 
reheated to 200°C. The enthalpy of fusion of the material was measured by 
calculating the area under the endotherms, obtained from the DSC thermogram. The 
degree of crystallinity was determined from the ratio of the measured heat of fusion 
(ΔHf) of a polymer sample, and the enthalpy of fusion for a theoretical 100% 
crystalline ∆H of HDPE = 293 (J/g) [5] e.g; (ΔHfusion/ΔHcrystalline). 
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Background 
 
Structural changes are usually associated with changes in heat absorption or emission 
and measured by means of calorimetry. Differential Scanning Calorimetry (DSC) can 
measure the changes at constant heating or cooling rates. DSC is an invaluable tool in 
characterisation of polymer materials [6-8], yielding information on such processes as 
the glass transition, reaction kinetics, melting behaviour, structure relaxation, degree 
of crystallinity and other aspects of polymer morphology.  DSC  is  a simple device 
for measuring the heat flow into and out of the sample, usually while it is subjected to 
an isothermal or linearly rising temperature programme.  The different heat loss or 
grain between sample and reference cells is measured in a differential scanning 
calorimeter.  In this case, the heat input needed to maintain both cells at the same 
temperature is measured.  The principle of this technique is schematically illustrated 
in Figure 3.9. 
  
 
Figure 3.9 A schematic diagram of DSC instrument [9]. 
 
There are two holders; one for a sample and another one for a reference, placed in a 
reservoir of coolant.  Each holder base is equipped with a temperature sensor and a 
micro-furnace with heater. If the sensors detect a temperature difference between the 
sample and the reference, energy will be supplied until the difference is typically less 
than 0.01K [10]. The energy input per unit time (resultant heat flow) is recorded as a 
function of temperature or time as the sample and the reference are being heated 
isothermally or in a linearly rising temperature program. Thermodynamic properties 
of materials, such as heat capacity, glass transition temperatures and melting points 
are quantified from the measurements. The resultant heat flow is described by the 
general Equation (Equation 3.8) [10]:  
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),( tTfCb
dt
dQ
+=                                                                                               (3.8) 
 
Where: 
              
dt
dQ        =   Resultant heat flow 
               C          =   Heat capacity of the sample 
               b           =   Rate of temperature change or 
dt
dT  
              ),( tTf   =   Heat flow from kinetic process 
 
In DSC, the two individual components on the right hand side of Equation 3.8 cannot 
be distinguished, only the sum of the two components called the total heat flow is 
determined.  
 
3.3.6 Dynamic Mechanical Analysis (DMA) 
 
A TA Q800 DMA instrument was used to characterize the mechanical behaviour of 
the material at different temperatures and frequencies. A three-point bending fixture is 
used in this study. The dynamic properties were studied in fixed frequency mode at a 
frequency of 1Hz and 10Hz, and the strain amplitude is 32μm. The samples wee 
heated in the temperature range from 80 to 180°C at a heating rate of 3°C/min. While 
another was studied in a fixed temperature of 100°C and 120°C, with a frequency 
sweep of 0.1Hz to 100Hz at an amplitude of 32μm. The storage modulus and loss 
modulus were measure as a function temperature, and the corresponding loss tangent 
was calculated. 
Test specimens were taken from compression moulding bars, which were dried for 4 
hours in an oven at 80°C prior to each experiment. Experiments were conducted 
under a nitrogen atmosphere in order to minimize oxidative degradation of the 
specimens during testing.  
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Background 
Dynamic Mechanical Analysis (DMA) sometimes known as Dynamic Mechanical 
Thermal Analysis (DMTA) is a technique for analysis of the thermomechanical 
properties of materials, usually polymers [11].  DMA is probably the most versatile 
thermal analysis method available, and no other single test method provides more 
information about a sample in a single test. Besides providing important material 
property data, DMA provides a direct link between a material's chemical composition 
and its mechanical behaviour.  
 
 
                           Figure 3.10 The principle of DMA [11]. 
 
Computer-controlled DMA instruments allow the deforming force and oscillating 
frequency to be selected, and to be scanned automatically through a range of values, 
in the course of the experiment. DMA measurements give practical information on 
glass transitions, changes in crystallinity, the occurrence of cross-linking, and also 
show up features of polymer chains. The information obtained has been used in 
various practical areas such as studies of vibration dissipation, impact resistance and 
noise abatement.   
 
The DMA normally operates with a bar sample which is clamped at both ends. The 
central point of the bar is vibrated sinusoidally by an actuator. The stress experienced 
by the sample is proportional to the current supplied to the vibrator and the strain, 
which is proportional to the sample displacement, is monitored by a transducer. DMA 
instrument mainly consists of a clamping system, a furnace and an actuator to apply a 
certain force and measure the resultant displacement. DMA can be applied to a wide 
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range of materials using the different clamping configurations and deformation modes 
(i.e. tension, torsion, shear, compression. etc). Hard samples or samples with a glazed 
surface use clamps with sharp teeth to hold the sample firmly in place during 
deformation. Soft materials and films use clamps, which are flat to avoid penetration 
or tearing. When operating in shear mode flat faced clamps, or clamps with a small 
nipple to retain the material, can be used. The head of the instrument can be damaged 
if the sample becomes loose during an experiment. Proper clamping is also necessary 
to avoid resonance effects.    
 
In DMA, a sinusoidally oscillating force is applied to a small sample of the material 
and the displacement response is measured. The applied sinusoidally varying stress of 
frequency ω can be presented as:  
 
σ(t)=σ0 sin(ωt+δ)                                                                                           (3.9) 
 
Where σ0 is the maximum stress amplitude and the stress proceeds the sinusoidal 
strain by a phase angel δ, provided the material stays within its elastic limits. The 
strain is given by: 
 
γ(t)= γ0 sin(ωt)                                                                                                   (3.10) 
 
Where γ0 is the maximum strain amplitude. These quantities are related by σ(t)= 
E*(ω) γ(t) where E*(ω) is the dynamic modulus and 
 
E*(ω) = E'(ω) + i E"(ω)                                                                                   (3.11) 
 
E'(ω) and E"(ω) are the dynamic storage modulus and the dynamic loss modulus, 
respectively. For a viscoelastic polymer, E' characterizes the ability of polymer to 
store energy (elastic behaviour), while E" reveals the tendency of the material to 
dissipate energy (viscous behaviour). The phase angel is calculated from:  
 
tanδ = E"/E'                                                                                                         (3.12) 
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DMA can be use for temperature-time studies or frequency studies, and dynamic 
stress-strain curves. Temperature-time scans hold the frequency constant as the 
temperature or time at temperature changes. Frequency scan vary the frequency at a 
set temperature, while a temperature scan is done by oscillating the polymer at a set 
frequency while increasing the temperature. [11] Therefore, these will be the two 
methods being used in this study. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 Schematic diagram of oscillating a sample [11]. 
 
 
3.3.7 Density Gradient Columns 
 
Density of the nanocomposite samples before and after mechanical testing at high rate 
was measured by using a calibrated density gradient column (Davenport, UK). The 
Davenport two column density measuring instrument is ideal for high accuracy 
determination of the density of solid polymers (ASTM D 1505-68, ISO 1183 and BS 
2782 Part 6: Method 620D). Accuracy of readings is to 0.0001g ·mL-1 with density 
column ranges within 0.05g ·mL-1. Back lighting of column aids float and sample 
visibility. 
 
Background 
The gradient column method accurately determines the density of small solid 
specimens in any form - e.g. sheet, film, granule, powder etc, in this study small sheet 
specimens used. A graduated glass tube is filled with two miscible solutions. The 
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resulting mixture varies at a linear rate with the lowest density at the top of the tube 
and highest at the bottom. Calibrated glass maker floats of precisely know density are 
introduced into the column and sink to a point where their density matches that of the 
solution. 
 
Figure 3.12 Density gradient columns tools. 
 
The column is calibrated by graphical or statistical methods. The column tubes are 
graduated in 2 mm divisions over a length of 700 mm, so that with a density range of 
0.1 cm 3 each graduation would represent 0.0003 cm3 . A sample of unknown density 
is introduced into the column and allowed to reach equilibrium. The measurement of 
its height in the tube with reference to the marker floats gives a measure of its density. 
Independent tests have shown that, depending on use, the density distribution of the 
gradient can remain usable for up to 40 weeks. 
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3.3.8 Instrumented Falling Weight Impact (IFWIM) Test 
 
Impact resistance tests were performed using Rosand Instrumented Falling Weight 
Impact Tester (IFWIT). ASTM D5420 standard test method was followed to assess 
the impact behaviour of the composites. Specimens for the IFWIM test were plates 
which were cut from large component.  The geometry of the test pieces and specimen 
supported system are defined in the standard. A standard dropping mass of 10 kg was 
employed on the entire specimens from a drop height of 0.5m at a speed of 3.12 m/s.  
 
Background 
 
Figure 3.13 Equipment of Instrumented weight falling impact test. 
 
Several variants of the falling weight impact test have been used to assess the impact 
behaviour of polymer and polymer products [12]. The instrumented falling weight 
impact test is one of the methods used to assess the impact properties of polymers. An 
IFWIM testing equipment is shown in Figure 3.13. The instrumented dart, with its 
force transducer, can be viewed as an instrumented hammer.  The specimen used for 
test is commonly a flat plate, either specially moulded or cut from a larger component.  
It is supported at its edges and impacted centrally by a vertically falling dart. In the 
basic test, the release platform with striker carriage and striker is raised to a pre-
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determined height, h, to obtain a particular incident impact speed, v0, where v0=√2gh. 
The striker carriage is then released to fall freely under gravity so that the striker hits 
the specimen at the required speed.  Impact performance of polymeric components is 
concerned with absorbing energy in the system when the component is struck, either 
through deformation or damage development.  Hence initially it was only the energy 
required to break the specimen in a falling weight impact test that was recorded to 
characterise the impact behaviour of the material.  In the instrumented falling weight 
impact (IFWIM) test, the falling dart is fitted with a force transducer to measure the 
force throughout impact test.  The basic force-time data is then processed to provide a 
wealth of information from each specimen tested giving force, displacement and 
energy data throughout the test. [13]. The basic principle of the method is shown in 
Figure 3.14. The dart attached to a carriage of total.  
 
     Figure 3.14 The instrumented falling weight impact test method. 
 
mass, m, falls under gravity to hit the specimen.  According to Newtonian mechanics 
the following equation can be written as: 
𝑚𝑔 − 𝐹 = 𝑚𝑑𝑣
𝑑𝑡
                                  (3.13) 
or    𝑑𝑣
𝑑𝑡
= 𝑔 − 𝐹
𝑚
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where F is the force applied to the striker, measured by the force transducer.  
Intergrading equation (3.13) gives first the velocity at any time, t. 
𝑣 = 𝑣0+𝑔𝑡 − 1𝑚 ∫ 𝐹𝑑𝑡𝑡0                                  (3.14) 
A second stage of integration gives the displacement, x 
𝑥 = 𝑣0𝑡 + 𝑔𝑡22 − 1𝑚 ∫ �∫ 𝐹𝑑𝑡𝑡0 �𝑡0 𝑑𝑡                                  (3.15) 
Hence the velocity and displacement during the impact test can be calculated from the 
force/time record alone.  The energy, U, is found by   
𝑈 = 𝑣0 ∫ 𝐹𝑑𝑡 + 𝑔∫ 𝑡𝐹𝑑𝑡𝑡0𝑡0 − 12𝑚 �∫ 𝐹𝑑𝑡𝑡0 �2                      (3.16) 
 
All calculations are performed on a dedicated microcomputer with associated 
software.  The IFEIM test provides simultaneous information on the force, 
displacement energy and velocity at any time throughout impact test.  
Force-deflection curves obtained from IFWIM test take many different forms 
depending on the type of polymer, the test temperature, the type of any reinforcement.  
Figure 3.15 shows a typical force-deflection curve for tough polymer, which exhibits 
yielding with cup formation followed by diametrical splitting of the cup and stable 
tearing.  The calculations are recommends according to International Standard (ISO 
6603) [ISO 6603. Plastics – Determination of multi axial impact behaviour of rigid 
plastics. Part 2: Instrumented puncture test.]  Force-deflection curves can show many 
more features containing much information about the initiation and propagation of 
damage during the test. 
 
Figure 3.15 represents a typical force-displacement curve gathered from the IFWI 
test. The plot reveals some significant information on the impact property of 
polymers. The curve area is equal to the factual energy of the specimen. To be 
specific, it is the energy transferred from the impactor head to the specimen 
throughout the course of the impact [14]. The peak of the plot is the point at which a 
crack initiates in the specimen. The curve area from original point to the peak position 
is the energy of initiation. Beyond the peak point, the crack is propagating until failure 
when the probe passes through the test specimen. The area under the second half of 
the plot is the energy of propagation. Force/deflection traces at loading levels 
illustrated in Figure 3.15. They are indicative of the deformation and damage 
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development history of specimens, which in turn have an analogous relationship with 
force/time traces. In general, force/deflection traces can be approximately subdivided 
into different stages. The first stage is referred to as linear load/deflection deformation 
due to the elastic response to loading. No damage occurrence was expected at this 
stage. A complete recovery from the deformed state to the original specimen position 
is expected when the applied load is removed. With the increase of load, the specimen 
yielded, implying the onset of plastic or permanent deformation, lead to a sudden drop 
in load. Once the load reached its maximum, it decreased monotonically and the 
deflection decreased accordingly due to the gradual recovery of elastic deformation. 
 
 
Figure 3.15 Schematic representation of a force-displacement curve [15]. 
 
In the case of a ductile failure, the force increases until crack initiation occurs, then 
force is still required for propagating the remaining section of the crack and 
completing the failure. This type of failure mechanism is commonly signified by a 
rounded curve with a considerable amount of energy contained after the initiation 
point [16].  
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3.3.9 Split Hopkinson Pressure Bar Test 
 
Split Hopkinson pressure bar (SHPB) experiments were performed at room 
temperature over the strain rate range 102– 104 s-1. An SHPB test setup was designed 
and built for dynamic type compression testing of various materials for strain rates 
exceeding several hundred per second in the Department of Physics at Loughborough 
University. The specimen is sandwiched between the loading and transmitter pressure 
bars, while the impact pulse propagates beside specimens and the pressure bars, the 
corresponding signals of strain measured from the gages are converted to voltage 
signals, then the amplifier sends the signals to the digital oscilloscope to be recorded. 
The length of both bars is 1mmade of high-strength steel. A preloading bar is the 
same diameter as the pressure bars (12.7 mm), but made of lower strength steel. The 
details of the SHPB used in this research can be found in ref [17, 18] High strain rate 
was applied in this experiment from 2 400 to 4 000 s-1. All specimens were lubricated 
in both faces by layer of petroleum jelly. Five specimens for each were tested and the 
tabulated values are the average of these. 
 
Background 
 
SHPB technique is the best established method for determining dynamic properties of 
polymeric materials at high strain rates in range of about 102 to 104 s-1.  In its various 
forms, the SHPB technique can produce stress/strain/strain rate data in compression, 
tension and torsion.  All compressive SHPB apparatuses have the same general 
components. They include an impact bar usually propelled by a gas chamber, an 
incident bar and transmitter bar, strain transducers with signal conditioners, and a 
means of digital storage. A schematic of SHPB is shown in Figure 3.16. Due to the 
use of SHPB in this research project, more details on SHBP are given in this section. 
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Figure 3.16 Typical compressive split Hopkinson bar apparatus [19]. 
 
 
Figure 3.17 is the photo of SHPB equipment.  The apparatus is over fifteen feet long 
from beginning to end. The end of the transmitter bar shows the length of the pressure 
bars. The holes drilled into the end of the barrel vent and the pressure behind the 
striker bar. The pressure bars are usually made of high strength elastic material, such 
as managing steel. Several collars support the pressure bars, allowing it to slide freely 
and to remove any bending waves due to an impact. Transducers mounted to the 
pressure bars respond to the instantaneous strain. Once amplified, a digital storage 
oscilloscope records these strain signals. Many factors influence the appropriate 
selection of the various components in SHPB test. 
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Figure 3.17 Apparatus as viewed from striker bar end. 
 
SHBP is a common technique used in the study of mechanical behaviour of materials 
at high strain rates and uniaxial stress conditions. The technique has been particularly 
useful to investigate the dynamic behaviour of a wide variety of ductile engineering 
materials (e.g., steels, aluminium alloys, and polymers) [20] after the initiation of 
plastic flow.  
 
Many researchers found SHBP is ideal technique to study of the dynamic properties 
of materials in compression [21, 22]. However, SHPB was not widely used until the 
1970s (Figure. 3.19). Instead alternatives such as the propagation of plasticity down 
rods or the cam plastometer [20, 21] were used for obtaining dynamic mechanical 
properties in compression. As SHPBs increasingly became the standard method for 
measuring the dynamic mechanical properties of materials in the strain rate range 
102s-1 to 104s-1, tension and torsion versions were developed with different range of 
temperatures and the method to prepare samples quite ease contrast other experiment. 
. 
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Figure 3.18 Histogram of the number of papers published in any given year 
where an SHPB was used to obtain the high rate mechanical properties of 
various materials [21]. 
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Chapter 4: Preparation and Characterisation of Polymer Nanocomposites 
 
4.1 Introduction 
 The addition of nanoparticles (nanosheres, nanotubes, nanoplatets or sheets) to a polymer can 
result in materials with significantly improved properties, such as higher mechanical strength, 
enhancement of modulus, high thermal stability, low gas barrier property, increased electronic 
conductivity and excellent optical transparency [1-4]. The enhancements of properties are 
imparted by well-dispersed and distributed nanoparticles when a small weight fraction of these 
fillers is incorporated. Many research related to the improved properties of polymer 
nanocomposites to their morphological structure characteristics has been well studied [1, 4]. 
Uniform dispersion of these nano-size fillers produces ultralarge interfacial area per volume 
between the nanoparticle and host polymer. This represents significant difference between 
nanocomposites and conventional composites. The intercalated/exfoliated microstructures and 
the good compatibility or strong interaction of nanofillers with basal polymer facilitate better 
reinforcement. Effective distributive mixing that uniformly distributes the filler particles in the 
matrix is thought to crucially affect on the properties of resulting nanocomposites. It is believed 
that to developing high-performance polymer nanocomposites, homogeneous dispersion of 
nanofillers in the matrices is a crucial step.  However, in practical, nano-level dispersion is more 
difficult to achieve due to nanometer size and strong intrinsic Van der Waals attraction of 
nanofillers, especially for CNTs. Numerous investigations have demonstrated that if nanofillers 
are not properly dispersed in the polymer matrix, the properties of the polymer will not be 
improved, and may even worsen [5, 6]. 
 
Therefore, in order to obtain optimum PC or HDPE composites fabricated in this research, the 
dispersion state of nanofiller in the polymer matrix and morphological structure characteristics of 
such composites were firstly examined and discussed in this chapter.  
 
 
Chapter 4 :  Preparation and Characterisation of Polymer Nanocomposites 
 
91 
 
4.2 Pre-dispersion   
As discussed above uniform dispersion of nanofillers in polymer matrix is very challenge to 
developing polymer nanostructure materials.  CNTs tends to agglomerate due to their physical 
entanglement and Van der Waals forces between the carbon surfaces [7].  The nanoclay particles 
exist as stacked sheet in nature and results the clusters in a polymer matrix.  To overcome these 
disadvantages various methods of achieving uniform dispersion have been developed by many 
researchers and manufactures such as exfoliation and intercalation of nanoclay, functionalization 
of CNT and so on.  In this research, a new method for pre-dispersion of nanofillers in polymer 
developed recently by professor Mo Song was used (Confidential!!) for fabrication of PC or 
HDPE composite materials.  Digital pictures for the pre-mixed PC/MWCNT or PC/Clay 
powders are shown in Figure 4.1.  The pre-mixed samples containing 3% clay was also observed 
by SEM (seen Figure 4.2 (a) and (b)).  The SEM images demonstrate that the fillers 
homogeneously dispersed on the surfaces of the polymer powder when very lower percentage of 
filler incorporated.  The similar results were also achieved in CNT systems.  This method of pre-
mixing polymer and nanofiller is key step to successfully fabricate polymer nanocomposites. 
 
Figure 4.1 Digital pictures of pre-mixed PC/nanofiller powders (a) PC/MWCNT, (b) 
PC/Na+-MMT. 
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Figure 4.2 SEM images of premixed HDPE/clay powder (a) at low (b) at high 
magnification. 
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4.3 Characterization of PC nanocomposites 
4.3.1 Characterization of PC/clay  nanocomposites 
4.3.1.1 Morphology and Structure of PC/clay nanocomposites  
Normally, WAXD is used to identify intercalated or exfoliated structure of polymer/clay 
nanocomposites [8,9]. The intercalation of the polymer chains usually increase the interlayer 
spacing, in comparison with the spacing of the clay used, leading to a shift of the diffraction peak 
towards the lower angle values. When the tactoids are internally disordered or not well aligned to 
one another, the peak intensity will be low and may appear to be completely absent. Typical 
WAXD patterns obtained from Na+-MMT clay and PC/ Na+-MMT clay composites prepared by 
melt blending method with a varying ultrasonic time are shown in Figure 4.3. The (001) plane 
peak of the silicate layers of Na+ -MMT clay is found at 2θ = 6.7o in the WAXD curves.  This 
corresponded to a d-spacing which is also known as interlayer spacing.  The interlayer spacing is 
known by using the Braggs Law equation to calculate (n.λ = 2.d.sin θ).  The pre-mixed Na+ -
MMT clay and PC powder were then blended to obtain the composites.   The plane peak (001) of 
the composite was absence as shown in Figure 4.3.  The absence of such a peak for PC 
composites is evidence for a highly exfoliated structure. 
 
The more detailed structure of PC/clay composite was obtained by a TEM micrograph in Figure 
4.4. The solid lines represent the clay sheets viewed from direction parallel to the plane of the 
sheets.  The image reveals that clay layers were well separated with 3~ 5 nm thick clay platelets, 
indicative of well dispersed structure. The TEM results coincide perfectly with the prior WAXD 
results.  WAXD and TEM taken together confirm formation of predominantly exfoliated 
structures in PC/clay nanocomposites.  
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Figure 4.3 WXAD patterns of exfoliated PC/Na+ clay nanocomposite. 
 
 
   
Figure 4.4 TEM photomicrograph of 3wt% clay/PC nanocomposite. 
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4.3.1.2 Effect of addition clay on glass transition temperatures of PC  
Glass transition temperature ( gT ) is exhibited by amorphous polymers or amorphous regions in 
polymers when a hard, glasslike state is transformed into a viscous, rubberlike state and is 
observed as a baseline deviation toward endothermic direction on a typical DSC curve [10].  
Expansion will increase markedly above glass transition temperature. It corresponds to a change 
in slope at gT  in specific volume versus temperature plot, as illustrated schematically in Figure 
4.5 Thus glass transition temperature can be defined in term of a kinetic process involving 
volume contraction. High gT  provides polymers with greater dimensional stability [11]. 
 
Figure 4.5 Free volume in polymer [11]. 
gT  can be conveniently determined by mean of DSC technique. Thermal history and 
experimental conditions are the factors that markedly affect gT  value. Hence, a determination 
should begin with previous thermal history elimination through a heating up to temperature 30ºC 
above the end of the transition temperature plus a maintaining for 10 min. Follow with rapid 
cooling (quench) to temperature at least 50ºC below the expecting gT  value. During a reheating 
scan, a deviation of baseline can be observed at the glass transition temperature as a result of 
changing in specific heat ( pC ).  Specific heat of amorphous materials in the liquid state is higher 
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than that in the solid state [12]. Slower cooling and heating rate results in a lower gT  value. In 
order to avoid oxidation of sample, experiment should be performed under nitrogen atmosphere 
with a continuous flow rate of 10-50 ml/min. Method of measuring gT  from DSC curve is shown 
in Figure 4.6 (a) and (b). 
 
Figure 4.6 Glass transition temperature measurement  (a) baseline deviation at the 
transition   (b) baseline deviation at the transition with a small peak [12]. 
igT , extrapolated onset temperature, is the temperature at which the extrapolated baseline before 
the transition intersects the tangent drawn through the highest slope of the transition. Similarly, 
egT , extrapolated end temperature, is the temperature at which the extrapolated baseline after the 
transition intersects the tangent drawn through highest slope of the transition. And mgT , mid-
point glass transition temperature, is the temperature at the middle of the transition (Figure 4.6 
(a)). In case of a presence of small endothermic peak at the transition, egT  is considered as the 
temperature at the intersection of the extrapolated baseline after the transition with the tangent 
drawn through the highest slope of the peak edge (Figure 4.6 (b)). 
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One of “nano-effects” noted in the literature has been the change in the Tg of the polymer matrix 
with the addition of nanosized particles. Both increases and decreases in the Tg have been 
reported dependent upon the interaction between the matrix and the particle. In essence, if the 
addition of a particle to an amorphous polymer leads to a change in the Tg, this has resultant 
effect on composite properties. 
 
Heat flow of PC and its composites was recorded during a reheating scan at a heating rate of 
10oC/min to 200oC.   Typical DSC curves of heat flow against temperature for PC and its 
composites are shown in Figure 4.7. In this study, glass transition temperature is taken as 
extrapolated onset temperature.  PC shows a glass transition temperature (Tg) at about 149oC.  
Addition of Na+-MMT clay resulted in decrease of Tg to 145oC.  In most literature it reported Tg 
values have been usually only modest changes (<10oC). When 1% Na+-MMT was added Tg 
decreased about 5oC.  The effect of Na+-MMT on Tg for different composite systems is shown in 
Figure 4.8.  It can be seen that further increase in filler content over 1% has weak effect on Tg.   
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Figure 4.7 DSC curves of PC and PC/clay nanocomposites. 
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Figure 4.8 Effect of Na+-MMT clay concentration on glass transition temperature of PC. 
The glass transition of a polymer will be affected by its environment when the chain is within 
several nanometers of another phase. It has been well-recognized in the literature that the Tg of a 
polymer at the air–polymer surface or thin films (<100 nm) may be lower than that in bulk [13]. 
This can also be considered a confinement effect. A specific experimental example was reported 
where poly(2-vinyl pyridine) showed an increase in Tg, poly(methyl methacrylate) (PMMA) 
showed a decrease in Tg and polystyrene showed no change with silica nanosphere incorporation. 
The different changes of Tg were ascribed to surface wetting [14].  A theoretical model has been 
developed to predict the glass transition temperature of nanocomposites [15]. The model predicts 
both increases and decreases in Tg dependent upon specific interactions 
 
4.3.1.3 Effect of addition of clay on bulk density of PC matrix 
   Polymer nanocomposite is a simple two-phase system. In theory, the bulk density of the matrix 
can be written as follows:  
      𝜌 = 𝜌𝑝𝜑𝑝 + 𝜌𝑓𝜑𝑓  (4.1)  
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      1 = 𝜑𝑝 + 𝜑𝑓      (4.2)     
Where  𝜑𝑝 and 𝜑𝑓 are volume fractions of polymer and nanofiller, respectively.  𝜌,𝜌𝑝 and 𝜌𝑓 are 
the corresponding matrix , polymer, or filler densities. The sum of the volume fraction should be 
1.   
In this research, the densities of PC/clay nanocomposites were determined theoretically and 
experimentally. Pure PC density of 1.2g/cm3 and the average density of Montmotillonite clay 
(which is range from 2 to 2.7g/cm3) [16] were applied to calculate the bulk density of the matrix. 
The results are shown in Figure 4.9.  As expected, addition of clay resulted in increase in the 
bulk density of the matrix and with increasing clay concentration the density increased greatly.   
However, it can be noticed that with increasing clay content the actual density of the matrix was 
lower than theoretical one.  The difference between two values became more significantly when 
higher percentage of clay was added.  In theory, it is still assumed that at higher clay 
concentration clay platelets properly dispersed and aligned.  However, as known from 
experimental study, at higher clay concentration clay platelets aggregated.  In this case, the 
volume of voids between clay layers increased due to poor dispersion.  It could be reason for 
lower bulk density of the matrix.  According this discussion it could be suggested a simple 
method to detect the dispersion of nanofiller in the polymer matrix by comparison of the 
densities. 
 
 
 
 
 
 
 
Figure 4.9 Effect of additional clay on density of PC matrix. 
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4.3.2 Characterization of PC/CNT nanocomposites  
4.3.2.1 Morphology of PC/CNT nanocomposites  
MWCNTs are simple composed of concentric single-walled carbon nanotubes and held together 
by Van der Waals bordering.  MWCNTs exhibit well-ordered graphitic structure with long and 
straight plane lattice along their axial direction. CNTs have outstanding mechanical properties, 
very high thermal and electrical properties. Obviously, the CNTs added into a polymer 
composite result a high expectation of enhancement in these properties. However, a principal 
disadvantage of CNTs is that they tend to aggregate due to strong tube-tube interaction.   In 
preparation of polymer/CNTs nanocomposites the first step is to exfoliate the MWCNTs.  
Sonication technique is a simple method usually applied to assist dispersing CNTs in solution.  
This systematical study has been previously performed to find out suitable conditions for the 
exfoliation such as sonication energy, sonication time and CNTs concentration. In this study, 
chemically modified MWCNTs with hydroxyl group (-OH) about 3.5% were used, namely 
MWCNTs-OH.  The MWCNTs-OH/water solution was prepared by adding MWCNTs-OH (0.1g) 
to detailed water (40g), followed by ultrasonication with high power (300w) ultrasonic tip for 20 
min.   Figure 4.10 shows the TEM image of MWCNTs-OH in water.  It can be seen that the 
WMCNT-OH bundles are effectively fragmented into sonicated CNTs with diameter about 50 
nanometers after it is subjected to ultrasonic irradiation.  The sonicated MWCNT-OH exhibits 
much higher aspect ratio and large surface area per gram than untreated ones.  Ultrasonication 
provide high local shear, particularly to the nanotube bundles, allowing the formation of the gaps 
at the bundle end.  Then, water molecules could result in the propagation of these gaps due to the 
presence of OH groups of MWCNTs, and ultimately in the separation of individual CNTs from 
the bundles.   Although the nanotubes could be fully exfoliated in water, it seems the bundles 
cannot be completely avoided. 
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Figure 4.10   TEM photomicrograph of exfoliated MWCNT. 
 
The characterization of stable MWCNTs/water dispersion has been discussed above. Here SEM 
technique was used to investigate the dispersion of MWCNTs-OH in the PC matrix. Morphology 
of fracture surfaces of PC/MWCNT-OH composites with different weight percentage of 
MWCNTs-OH are shown in Figure 4.11-4.13.  It can be clearly seen that the nanotubes are 
successfully incorporated into the PC matrix at nanoscale level. However, with the incorporation 
of the 1% nanotubes, some nanotube bundles can be obviously observed. So the dispersion and 
distribution become worse with increasing incorporation of the nanotubes concentration. 
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Figure 4.11 SEM photomicrograph of 0.1wt% MWCNT/PC nanocomposites (a) 
and (b) at low (c) at high magnification. 
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Figure 4.12 SEM photomicrograph of 0.3wt% MWCNT/PC nanocomposites (a) at low 
(b) at high (c) at highest magnification. 
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Figure 4.13 SEM photomicrograph of 1wt% MWCNT/PC nanocomposite (a) and 
(b) at low (c) at high magnification. 
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4.3.2.2 Glass transition temperature of PC/MWCNT nanocomposites  
Figure 4.14 show effect of MWCNT on Tg for PC nanocomposites.  When 0.1% low percentage 
of MWCNT was incorporated the Tg slightly increased.  Then as further increase in MWCNT 
content the Tg slightly reduced.  In comparison between Figure 4.8 and Figure 4.14, the effect of 
Tg for the MWCNT nanocomposite system provides the same tendency as that of Na+-MMT clay 
nanocomposite system, but the nano-effect was weak than that ones.  It is due to involved 
relatively low levels of nanoparticle incorporation and larger changes in Tg could be expected at 
much higher volume fraction loadings. 
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Figure 4.14 Effect of CNT content on glass transition temperature of PC nanocomposites. 
 
4.3.2.3 Effect of addition CNT on PC density 
The densities of PC/MWCNTs nanocomposites were also determined theoretically and 
experimentally as shown in Figure 4.15.  In theoretical calculation by using Equations 4.1 and 
4.2 the density of MWCNT used in this study is about 2.1g/cm3, which is the true density of just 
one tube.   
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As shown in Figure 4.15 with increasing the MWCNTs concentration the bulk density of the 
matrix increased and the actual bulk density of the matrix was smaller than that of theoretical 
value  as the same as clay systems studied above.   In processing, it is never to be achieved as 
single tube dispersion in polymer matrix.  It was proven by SEM observation of the bundles of 
nanotubes.  In fact, there is an existence of huge gaps between the tubes in a bundle due to Van 
Der Waals forces.  This means that the actual CNTs density presents in the matrix is much 
smaller than theatrical one, which depends on the dispersion state of CNTs in the polymer matrix.    
It can be addressed again that it provides a simple method to detect the state of nanofiller 
dispersion in polymer matrix. 
 
 
   
 
 
 
 
 
Figure 4.15 Effect of MWCNT on density of PC matrix. 
 
4.4  Characterization of HDPE nanocomposites 
4.4.1 Morphology and Structure of HDPE/clay nanocomposites  
The degree of swelling and the interlayer distance of clay in HDPE matrix were determined by 
XRD. Exfoliated nanocomposites have higher phase homogeneity than the intercalated 
counterpart. Hence the exfoliated structure is more desirable in enhancing the properties of 
nanocomposites.  However, it has been reported that complete exfoliation of clay particles in 
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neat polyolefin’s like polypropylene, PP, or polyethylene, PE, is a very difficult issue to be 
achieved. Nanocomposites made from those polymers lead to lower degrees of exfoliation and 
reveal particles much thicker than single clay platelets as expected.  The degree of exfoliation 
that can be achieved only progressively improves as the polar monomer content introduced and 
the best exfoliation is achieved when the structure of the surfactant and the process parameters 
are optimized. 
 
In our research, HDPE/clay composites were prepared by assisting the pre-dispersion method, no 
any surfactant added.  Figure 4.16 shows WXRD patterns of clay and HDPE/clay composites.  
As indicated in Figure 4.16, the inorganoclay has a characteristic peak indicative of the platelet 
separation or d-spacing. The absence of the peak in the composite is irrefutable evidence that the 
exfoliated HDPE nanocomposite successfully fabricated. Again a far more direct way of 
visualizing nanocomposite morphology via TEM was applied by taking images at different 
magnifications and from different locations. TEM results (Figure 4.17 (a) and (b)) suggest 
nanolayer thick of clay platelets as dark lines.  In generally speaking, exfoliation is never 
complete, even for the best nylon 6 nanocomposites.  It can see particles consisting of two, three 
or more platelets. In some cases, these platelets may be skewed relative to one another as 
suggested in Figure 4.17.  Thus, some particles may appear to be longer than the platelets really 
are. 
 
Figure 4.16 WXAD patterns of clay and HDPE/clay nanocomposite. 
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Figure 4.17 TEM photomicrographs of 3wt% clay HDPE nanocomposite. 
 
4.4.2  Characterisation of HDPE/MWCNT  nanocomposites  
4.4.2.1  Morphology of HDPE/MWCNT  nanocomposites  
A SEM image of the facture surface of 0.6wt% MWCNT/HDPE nanocomposite is shown in 
Figure 4.18. The result shows that the MWCNTs were well dispersed in the HDPE matrix. 
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 Figure 4.18 SEM image of fracture surface of HDPE/0.6wt% MWCNT nanocomposite. 
Figure 4.19 show of SEM images of impacted fracture surface of HDPE nanocomposites with 
different percentages of MWCNTs loadings (0.1, 0.3, 1 and 2%).  It is clearly seen that the 
MWCNTs were dispersed in the HDPE matrix, even though with higher MWCNTs loadings.  
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Figure 4.19 SEM images of impacted fracture surface of HDPE composites with 
different MWCNTs-OH loadings. 
4.4.2.2 Effect of MWCNT on crystallization of HDPE/MWCNTs nanocomposites 
It is well-recognized that the crystallization rate and degree of crystallinity can be influenced by 
crystallization in confined spaces.  With inorganoparticle and nanoparticle inclusions, nucleation 
of crystallization can occur. At the nanodimension scale, the nanoparticle can substitute for the 
absence of primary nuclei thus competing with the confined crystallization. At higher 
nanoparticle content, the increased viscosity (decreased chain diffusion rate) can lead to 
decreased crystallization kinetics. Thus, the crystallization process is complex and influenced by 
several competing factors. Nucleation of crystallization (at low levels of addition) evidenced by 
the onset temperature of crystallization (Tc) and crystallization half-time has been observed in 
various nanocomposites, such as (poly- (3-caprolactone)–nanoclay [17], polyamide 66–nanoclay 
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[18], polyamide 66–multi-walled carbon nanotube [19], polyester–nanoclay [20], 
polypropylene/multi-walled carbon nanotube [21]. A recent review of the crystallization 
behaviour of layered silicate clay nanocomposites noted that while nucleation is observed in 
many systems the overall crystallization rate is generally reduced particularly at higher levels of 
nanoclay addition [22]. 
 
DSC is one of the most convenient techniques for studying crystallization and melting kinetics of 
the semi crystalline polymers and its nanocomposites. In this research, the melting temperatures 
and crystallinities of HDPE and its MWCNT nanocomposite systems were studies by DSC. 
Typical DSC scan curves for HDPE and its nanocomposites were shown in Figure 4.20. The 
degree of crystallization (Xc) was calculated by the following equation; 
 
 
Where ΔHm is the apparent melting enthalpy, ψ is the fraction of nanofiller and ΔHom is the 
extrapolated value of the enthalpy corresponding to the melting of 100 % polymer under 
investigation.  
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Figure 4.20 DSC scans of HDPE and its nanocomposites. 
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The results are shown in Figure 4.21 and 4.22.  It is notable that the melting points of all 
nanocomposites are close to the pure polymer and the crystallinity related to the concentration of 
MWCNT incorporated.  Initially, the crystallinity increased with increasing MWCNTs.  Then it 
decreased with increasing MWCNTs.  For HDPE containing 0.6% MWCNTs system, the 
crystallinity reduced about 20%.  The incorporation of nanoparticle could cause to yield 
retardation of crystallization due to diffusion constraints. 
 
 
 
 
 
 
 
 
 
Figure 4.21 Effect of MCWNTs on melting temperature of HDPE.  
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Figure 4.22 Effect of MCWNTs on crystallinity of HDPE. 
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A lot of works has been done on studying crystallisation behaviours of various polymers like PE, 
PP, PEO and their nanocomposites [23-26]. It is concluded that for different nanocomposites 
systems the crystallization behaviour is quite different.  A decrease in crystallization temperature 
of nylon 66 was observed upon addition of MWNTs [27]. They believed MWNT network 
imposed a confinement effect on polymer chain diffusion and crystal growth. This confinement 
might have slowed down crystallization process, which had led to lower crystallization 
temperatures for nanocomposites.  This decrease in Tc, upon addition of MWNTs, has been 
shown in the following Figure 4.23. 
 
 
 
 
 
 
 
 
 
 
 
                             Figure 4.23 DSC scans of nylon 66 and its nanocomposites [27]. 
 
Previous studies in our research group [26] showed that the incorporation of MWNTs into PEO 
resulted in the decrease in melting and crystallization temperatures, and also reduced the 
crystallinity of PEO. With increase in amount of CNTs this effect was more prominent.  Paul et 
al. [25] reported that the effect of organically modified montmorillonite on the crystallization 
behaviour of nylon 6. The results revealed that very low concentration of clay result in dramatic 
increase in crystallization kinetics. The clay particles might have served as additional nucleation 
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sites; however, addition of more clay retarded the growth process. At low concentration of clay, 
the distance between dispersed platelets is large so it is relatively easy for the additional 
nucleation sites to incorporate surrounding polymer hence increasing the rate of crystallization. 
However, at high concentrations of filler, diffusion of polymer chains to the growing crystallite 
was hindered which caused decrease in rate of crystallization. 
 
4.5 Conclusions 
The structural morphology of PC or HDPE nanocomposites was examined.  WAXD and TEM 
results show that exfoliated nanocomposites for both PC/clay or HDPE/clay systems were 
successfully fabricated.   The SEM images revealed that uniformly dispersion and distribution of 
CNTs in nanoscale was achieved in PC or HDPE matrix.   By means of DSC studies, the 
“nanoeffects” on glass transition temperature of PC and crystallinity of HDPE were examined 
and discussed.   A simple method to detect state dispersion of nanofiller in polymer matrix by 
comparison of the values of bulk density determined by theoretically and experimentally, 
respectively has been established.  
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Chapter 5: Dynamic Mechanical Properties and Impact Performance of 
PC and its Nanocomposites 
5.1 Introduction       
Polymer nanocomposites have received significant interest and have been the subject of 
massive research and development as alternatives to conventional composites. They are 
thought to have the potential as a new generation of high-performance engineering materials 
[1–10]. Several researchers have studied the effects of nanofillers on the mechanical 
properties of polymers at conventional (quasi-static) strain rate, and many studies have 
demonstrated the improvement on tensile modulus and flexural properties [11-18].  
Polycarbonate (PC), is a transparent amorphous engineering thermoplastic, which has 
outstanding ballistic, impact strength, superior optical clarity, high heat distortion resistance, 
dimensional stability and heat resistance up to 125°C PC is often used to replace metal or 
glass in demanding applications such as automotive, sports, construction etc[19]. PC is used 
widely in numerous transparent engineering applications for example for body armour, 
windshields and visors. The limitation of PC including its susceptibility to many solvents, 
high melt viscosity and poor resistance to abrasion needs to be improved for extending its 
engineering application[20].  
Compounding with nanoclays appears to be a viable approach to enhance the properties of 
PC. Hsieh investigated the effect of nanofiller on  the mechanical deformation behaviour of 
PC nanocomposites [21]. It was concluded that Incorporation of nanoclay affected the 
mechanical response of the PC nanocomposites. Change of failure mode from ductile to 
brittle deformation was evident at clay loadings of about 3 wt% when subjected to tensile 
testing. Nevertheless, these PC nanocomposites exhibited elastic-plastic deformation in 
compression, regardless of the clay content. Thermal degradation affected the high-frequency 
rheological relaxation and tensile deformation of these PC nanocomposites, particularly near 
or above the percolation threshold of nanoclay. These findings suggest the importance of 
proper selection of organo-modified nanoclays and processing conditions, or the utilization of 
other nanofillers to ensure thermal stability of PC in order to achieve the optimized 
mechanical properties of PC nanocomposites [21].  
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The effect of clay types on the mechanical, morphological, and thermal behavior of PC 
matrix has been investigated by Sanjay et al. The experimental findings revealed that organic 
modification of Na-MMT with quaternary ammonium surfactants, i.e., OMMT-I and 
commercially available organoclays resulted in improved dispersion of the nanoclays with 
intercalated/exfoliated nanomorphology. Mechanical tests reveal an optimum mechanical 
performance of PC nanocomposites with 3 wt % of Cloisite 15A. The glass transition 
temperature and thermal stability of the PC increased in the organomodified- based PC 
nanocomposites suggesting confinement of PC segments within the clay galleries that tends 
to retard the segmental motion of the matrix chains [22]. 
 
The major focus in this chapter is to study the effect of nanofillers loading on the  mechanical 
properties of PC nanocomposites at quasi-static rates. The PC and PC nanocomposites were 
subjected to dynamic mechanical analysis (DMA) to examine the viscoelastic behaviour 
under periodic stress. Regarding the mechanical properties, an instrumented falling weight 
impact tester (IFWIT) was used to access the performance of PC and its nanocomposites at 
quasi-static rates.  The falling weight impact properties of High-density polyethylene (HDPE) 
and HDPE/MWCNTs nanocomposites were investigated as well. HDPE was chosen in this 
study as an example of a semi crystalline and non-polar polymer, since preparing 
nanocomposites by using non-polar polymers is difficult, when compared with using polar 
polymers, since PC is amorphous and a polar polymer [22, 23].  
 
5.2 Dynamic mechanical properties of PC nanocomposites 
5.2.1 Effect of nanoclay on the dynamic mechanical properties of PC nanocomposites  
PC and PC/clay nanocomposites were evaluated by dynamic mechanical analysis for 
temperature scan at 1Hz and 10Hz, respectively. The Spectra of storage modulus (E’) and 
loss tangent (tan δ) are shown in Figures 5.1-5.4. 
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Figure 5.1 Storage modulus, loss modulus and tan δ as a function of temperature for 
PC at frequencies of 1Hz and 10Hz.  
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Storage modulus, loss modulus and tan δ as a function of temperature for 
PC/1.0wt%clay nanocomposite at frequencies of 1Hz and 10Hz.  
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Figure 5.3 Storage modulus, loss modulus and tan δ as a function of temperature for 
PC/3.0wt%clay nanocomposite at frequencies of 1Hz and 10Hz.  
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Storage modulus, loss modulus and tan δ as a function of temperature for 
PC/5.0wt%clay nanocomposite at frequencies of 1Hz and 10Hz.  
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For all the samples tested, in the low temperature region (up to onset of the glass transition), 
the value for tan δ remained below 0.1. The tan δ curves then gradually rose until they 
approached the glass transition state of the polymer. This sudden rise in the curve also 
coincides with a rapid decline in the storage modulus as the result of softness in polymer. 
Once it reaches a temperature of between 154°C (ω=1Hz) and 163°C (ω=10Hz), the tan δ 
peaks lie above 1.0. Loss modulus in all the cases is greater than storage modulus at the glass 
transition stage. Once the glass transition is complete, the loss modulus falls back down.  
During a transition, both the loss modulus and tan δ rise as the storage modulus goes into a 
rapid decline, which coincides with the sudden rise in the loss modulus. This indicates that 
there is an increase in the structural mobility of the polymer, a relaxation process that permits 
motion along the larger portions of the individual polymer chains; this does not occur if this 
happens below the glass transition temperature. When a load is being applied, this new 
mobility takes the form of organised movement or flow. Since the magnitude of the loss 
modulus and tan δ peaks vary with the severity of the decline in the storage modulus, an 
amorphous polymer like PC loses about 99% or more of its storage modulus as it passes 
through the glass transition, and the tan δ values a peak slightly above 1.0. Under these 
conditions, the material is soft and pliable and is no longer serviceable as a load-bearing 
material [24].  
DMA results are summarised in Table 5.1. It is clearly seen that the onset temperature of the 
storage modulus, loss modulus and the tan δ decreases as the nanoclay increases; this is the 
case for both 1Hz and 10Hz testing frequencies. There was an increase in the onset 
temperature of the storage modulus when tested at 1Hz and 10Hz for the same nanoclay 
loading. This trend was repeated for the loss modulus and the tan δ at 1Hz and 10Hz.  
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Table 5.1 Compilation of temperatures for PC/clay nanocomposites at 1Hz and 10Hz: 
 1Hz 10Hz 
Clay Onset 
temperature 
(of storage 
modulus) 
Peak 
temperature 
(of loss 
modulus) 
Peak 
temperature 
(of tan δ) 
Onset 
temperature 
(of storage 
modulus) 
Peak 
temperature 
(of loss 
modulus) 
Peak 
temperature 
(of tan δ) 
wt% °C °C °C °C °C °C 
0 150 154 157 153 158 164 
1 146 148 154 148 153 163 
3 146 148 154 149 153 163 
5 144 145 153 146 150 161 
 
Figures 5.5 and 5.6 illustrated similar behaviour in the storage modulus when measured 
against temperature with different nanoclay loadings at two different frequencies (1 Hz and 
10 Hz). For the pure PC, It was observed that the onset temperature of the storage modulus 
was between the level of the PC/clay nanocomposites, falling between 140°C and 155°C. In 
addition to the different nanoclay loadings samples, with increases in nanoclay, storage 
modulus for the PC/1.0wt%clay and PC/3.0 wt% clay, nanocomposites were higher than that 
of the pure PC from onset temperature, until the 145°C testing temperature. It was found that 
the addition of nanoclay increased the modulus of the pure polymer in the glassy region and 
that it decreased in the rubbery region. This may be owing to the reinforcing effect imparted 
by nanoclay, along with increasing nanofiller. On other hand the clay platelets provided a 
greater degree of stress transfer at the interface between polymer and nanofiller  as seen in the 
results with increases in nanoclay the  storage modulus increase [25]. Another possible cause 
of the phenomenal of increase in the storage modulus is the restricted segmental motion at the 
interface because of interaction of the clay surface and the PC matrix, in addition to 
enhancement in the storage modulus; another reason may be the stiffness of the clay layers 
[19]. 
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It was found that the storage modulus of the PC/1.0%clay and PC/3.0clay nanocomposites 
are slightly higher than that of the PC, up to 145°C. In addition for the PC/5.0%clay 
nanocomposite there is a slight decrease in storage modulus throughout the whole 
temperature testing range, when the temperature is between 80 and 180°C. However, the 
storage modulus of PC/5.0%clay nanocomposite decreases. This may be because of 
incrassation in the ratio of the nanoclay loading, or dispersion of clay platelets throughout the 
interface regions of the nanocomposites, which would have decreased the chain mobility 
when the periodic load was applied [19]. 
 
Figure 5.5 Storage modulus of PC/clay nanocomposites as a function of temperature, 
at a frequency of 1 Hz. 
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Figure 5.6 Storage modulus of PC/clay nanocomposites as a function of temperature, 
at a frequency of 10 Hz. 
Figures 5.7 and 5.8 present the loss modulus of PC and its nanocomposites as a function of 
temperature at a frequency of 1 and 10 Hz. It can be seen from Figures 5.7 and 5.8. When the 
temperature approached to Tg of the pure PC, the loss modulus increased. However, once it 
passed through the Tg, the modulus dropped rapidly. It can be observed that as the nanoclay 
content increases, the temperature of the peak decreases. Loss modulus curves for virgin PC 
and PC/clay nanocomposites show an increase in loss modulus for PC/clay nanocomposites 
as compared with the virgin PC. The PC/5.0wt%clay nanocomposite shows higher loss 
modulus as compared with other PC/clay nanocomposites in the order of PC/1.0%clay 
nanocomposite and PC/3.0wt%clay nanocomposite. Additionally, due to the increase in loss 
modulus, the loss modulus peaks which communicate to the glass transition temperature also 
become higher as a function of clay loading. The loss modulus peak shifting toward the upper 
temperature range for the PC/clay nanocomposites is accredited to the improvement in the 
restricted mobility of the interphase region. The PC/5.0wt%clay nanocomposite as a highest 
loss modulus was present in Figures 5.7 and 5.8, signifying the better dispersion with a 
polymer matrix. On the other hand, the loss modulus peak broadening at Tg or above Tg for 
organo-modified nanocomposites can be explicated via increased the interaction of PC matrix 
with surface-modified of clays [19].  
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Figure 5.7 Loss modulus of PC/clay nanocomposites as a function of temperature, at 
a frequency of 1Hz. 
 
Figure 5.8 Loss modulus of PC/clay nanocomposites as a function of temperature, at 
a frequency of 10Hz. 
The Tg of PC and PC/clay nanocomposites were observed towards shifting to the left 
(decreasing) as the percentage of nanoclay filler increased, the peak of tan δ for PC is much 
sharper and narrower than the other three PC/Clay nanocomposites. The breadth of the tan δ 
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indicates the relaxation of the polymer chain. This is the adhesion between the modified 
surface of the nanofiller and the PC molecules, and the constraints on the mobility of the 
polymer chains due to their being tethered to the nanoclay widen the range of temperatures 
covered by the tan δ peak. A change in the molecular mobility of the polymer chains in this 
region due to the presence and the interactions of the nanoclay.[26] Therefore, from the 
graph, the sample with the PC/5.0wt%clay nanocomposite has got the broadest peak implying 
that it increases with higher nanoclay content. The height of the peak indicates the energy-
damping characteristics of a material. The nanofiller are well dispersed in the PC matrix, so 
the nanoclay particles directly enhance the stiffness of the PC nanocomposite. Once again, it 
indicates that the higher the peak the higher is the nanoclay percentage loading.  
The Tg of the PC and PC/clay nanocomposites was decided from the peak value of the tan δ 
curve (Fig 5.11). The virgin PC demonstrated a higher Tg value than PC/clay 
nanocomposites, and a small decrease in Tg of PC/clay nanocomposites. A decrease in Tg of 
these nanocomposites as a function of nanoclay loading could be the result of the gaps 
between nanofiller and polymer. The effect of small amounts of dispersed clay layers on the 
free volume of the PC was significant and influenced the Tg of the PC/clay nanocomposites, 
when the Tg temperature can be explained by the free volume concept [27]. The free volume 
is the unoccupied “empty space” on the nano-scale within which the polymer chains can 
accommodate their configuration rearrangements. As free volume of the chain segment 
increases, its ability to move in various directions also increased. This increased mobility in 
either side chains or small groups of adjacent backbone atoms results in a greater compliance 
(lower modulus) of the molecule [28]. Which indicate that increasing the Tg, the free volume 
will continue to increase, where large segments of the chain start moving is reached.  In 
chapter four, the density results revealed the gaps between clay and PC with an increased 
nanoclay loading (differences were noted between the theoretical data and experimental 
data), which gives more free volume to the chains motions (see chapter four). However 
Vollenberg [29] indicated that a strong interaction between the polymer and the particle 
exists and the polymer layer in the immediate proximity of the particle will have a higher 
density.  
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Figure 5.9 Tan δ of PC/clay nanocomposites as a function of temperature, at a 
frequency of 1Hz. 
 
Figure 5.10 Tan δ of PC/clay nanocomposites as a function of temperature, at a 
frequency of 10Hz. 
Figure 5.12 was plotted to show the tan δ as a function of temperature. It can be seen that the 
temperature for 1Hz was 154°C, while the temperature for 10Hz is 163°C. There is also a 
slight increase in the loss tangent modulus when tested at 10Hz. This can be explained thus; 
since viscoelastic behaviour is frequency dependent, testing it at higher frequencies induces 
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more elastic-like behaviour (short timescale), so the material will act stiffer than it really is at 
high test frequencies [28, 30].  
 
 
 
 
 
 
 
 
 
Figure 5.11 Variation of Tg of PC with an increase in nanoclay percentage. 
 
 
Figure 5.12 Effects of Frequency on Tan delta of PC at 1 and 10Hz. 
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5.2.2 Dynamic mechanical response of PC nanocomposites to frequency   
Isothermal frequency response of clay based PC composites was studied at 100 and 120oC 
with frequencies varying from 0.1 to 100 Hz. Figures 5.13 and 5.14, illustrate the frequency 
response at 100 and 120oC respectively, for the virgin PC and PC/clay nanocomposites. 
A less prominent increase in the storage modulus of PC was observed upon the addition of 
nanoclay at 100oC (Fig.5.13). Upon increasing the temperature to 120oC, higher loadings of 
nanoclay enhanced the storage modulus of the PC in a more prominent fashion (Fig.5.14). 
Also, it was suggested [31] that rheological characterisation is an indirect method by which to 
determine the dispersion state of the nanofillers in a given polymer matrix. An increase in the 
elastic modulus at low frequencies may be associated with better dispersion of the filler in the 
polymer matrix [31]. Increase in the storage modulus of PC, upon addition of clay indicates 
the good dispersion of the nanofiller and improved PC-clay interactions. 
 
 
 
 Figure 513 Storage modulus of PC/clay nanocomposites as a function of frequency 
at 100°C. 
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Figure 5.14 Storage modulus of PC/clay nanocomposites as a function of frequency 
at 120°C. 
This increased interaction between PC and clay was also demonstrated by a decrease in tan δ 
values as seen in figure 5.15. Since tan δ is the measure of how well a material dissipates its 
energy under cyclic load, therefore a decrease in it means that the mobility of the chains was 
restricted; this is a symbol of enhanced interfacial adhesion between clay and PC. This is 
manifested in Figure 5.16.  
 
 
Figure 5.15 Tan delta of PC/Clay nanocomposites as a function of frequency at 
100oC. 
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Figure 5.16 Schematic diagrams of interaction  between PC segments and clay in the 
nanocomposites. 
 
5.2.3 Effect of MWCNTs on dynamic mechanical properties of PC nanocomposites  
Figures 5.17 and 5.18 illustrated the behaviour of the storage modulus against temperature 
with different MWCNTs loadings at two different frequencies (1 Hz and 10 Hz). Figures 5.17 
and 5.18 show the storage modulus below the Tg (glassy region) of the pour PC and 
PC/MWNTs nanocomposites; it shows a significant difference amongst the samples, and an 
increase in the storage modulus in the glassy state region as a function of the MWCNT 
concentration. 
 
For the pure PC, It was observed that the onset temperature of the storage modulus had the 
lowest value compared with the PC/MWCNTs nanocomposites. PC/1.0%MWCNT 
nanocomposite sample is an order of magnitude higher than unfilled PC and others 
PC/MWCNTs nanocomposites. This is owing to the reinforcing effect imparted by MWCNTs 
into the PC matrix. For the rubbery plateau region, the storage modulus of the composites is 
significantly increased by increasing MWCNT content. 
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Figure 5.17 Storage modulus of PC/MWCNT nanocomposites as a function of 
temperature, at a frequency of 1 Hz. 
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Figure 5.18 Storage modulus of PC/MWCNT nanocomposites as a function of 
temperature, at a frequency of 10 Hz. 
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Figures 5.19 and 5.20 present the loss modulus of PC and PC/MWCNTs nanocomposites as a 
function of temperature at a frequency of 1 and 10 Hz. The effect on loss modulus by 
increasing the frequency of all samples can be seen in Figures 5.19 and 5.20. When the 
temperature approaches Tg of pure PC and PC/MWCNTs nanocomposites the loss modulus 
increases. 
However, once it passes through the Tg, the modulus drops rapidly. There is a slight shift in 
Tg at higher temperatures, upon further loading of MWCNTs. However, of greater interest is 
the broadening of the loss modulus curve as the concentration of the MWCNT increases. 
Particularly, the broadening is clearer in the region above Tg of the pure PC sample. It can be 
observed that as the MWCNTs content increases, the temperature of the peak increases. 
PC/1.0wt%MWCNT nanocomposite shows higher loss modulus compared to 
PC/0.1wt%MWCNT and PC/0.5wt%MWCNT nanocomposite. The loss modulus peak 
shifting towards the upper temperature region indicates the mobility of PC segments could be 
restricted in the interphase region.  
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Figure 5.19 Loss modulus of PC/MWCNT nanocomposites as a function of 
temperature, at a frequency of 1 Hz. 
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Figure 5.20 Loss modulus of PC/MWCNT nanocomposites as a function of 
temperature, at a frequency of 10 Hz. 
The variation in damping factor (tan δ) of PC and PC/MWCNT nanocomposites at 1Hz and 
10Hz with temperature was shown in Figures 5.21 and 5.22.  Results indicated the addition of 
MWCNTs has influenced on energy dissipation during glass transition.  
Chapter 5: Dynamic Mechanical Properties and Impact Performance 
  
136 
 
120 130 140 150 160 170
0.0
0.2
0.4
0.6
0.8
1.0
1.2
Ta
n 
D
el
ta
Temperature (°C)
 PC
 PC/0.1%MWCNT
 PC/0.5%MWCNT
 PC/1.0%MWCNT
Ta
n 
D
el
ta
 
Figure 5.21 Tan δ of PC/MWCNT nanocomposites as a function of temperature, at a 
frequency of 1 Hz. 
Figure 5.22 illustrated the variations of Tan δ of PC and PC/MWCNTs nanocomposites with 
temperature at a frequency of 10Hz. For the PC, the tan δ curve shows single peak (167.9°C ) 
corresponding to the Tg. At Tg of the PC, the values of the tan δ curves for the 
PC/0.1wt%MWNT and PC/1.0%MWNT nanocomposites is higher than that of the PC.  This 
could due to the existence of gap between carbon nanotubes and the PC matrix which could 
provide more free volume leading to the decrease in Tg. However for the PC/0.5wt%MWNT 
system, the reason is not clear.  
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Figure 5.22 Tan δ of PC/MWCNT nanocomposites as a function of temperature, at a 
frequency of 10 Hz. 
5.2.4 Effect of MWCNTs on dynamic mechanical response of PC nanocomposites to 
frequency  
The isothermal frequency response of MWCNT-based PC composites was investigated at 
100 and 120°C with frequency varying from 0.1 to 100 Hz. Figures 5.23 and 5.24, indicate 
the effect of frequency on the storage modulus at 100 and 120°C for the pure PC and 
PC/MWCNTs nanocomposites. The storage modulus of the pure PC is lower than that of 
PC/0.1wt%MWNT and PC/1.0%MWNT nanocomposites at 100oC (Fig.5.23). Increasing 
temperature to 120oC, a prominent increase in the storage modulus of the PC sample was 
observed and the lowest value of the storage modulus was found for the PC/0.5%MWCNT 
nanocomposite. At higher temperature, the contribution of MWCNTs for enhancement of the 
storage modulus could vanish. The decrease in the storage modulus at high temperature could 
be due to the expansion of gaps between MWCNTs and the PC matrix.  
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 Figure 5.23 Storage modulus of PC/MWCNT nanocomposites as a function of 
frequency at 100°C. 
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Figure 5.24 Storage modulus of PC/MWCNT nanocomposites as a function of 
frequency at 120°C. 
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Figures 5.25 and 26 show Tanδ against frequency at 100oC and 120oC respectively. The 
results at 100oC and 120oC are very different. At 120oC, with frequency, the pure PC shows 
higher damping values. Also with addition of MWCNTs, the damping peak position shifted 
which indicates MWCNTs have some inferences on the response of the PC segments to 
frequency. The reason could be due to the interaction between MWCNTs and the PC 
segments. 
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Figure 5.25 Tan δ of PC/MWCNT nanocomposites as a function of frequency at 
100°C. 
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 Figure 5.26 Tan δ of PC/MWCNT nanocomposites as a function of frequency at 
120°C. 
 
5.3 Mechanical performance of PC and its nanocomposites studied by IFWI 
5.3.1 Data analysis of IFWI test  
Mechanical performance of polymers can be significantly improved by the incorporation of 
nanoparticles [32]. Damage tolerance is an important parameter for the use of composite 
materials in technologically advanced sectors and in particular for military naval applications. 
This characterization involves drawing up a history of the damage kinetics of the specimens 
from initiation to complete failure. Several techniques are used to examine the extent of 
damage. Instrumented falling-weight impact (IFWI) testing provides a complete record of the 
load applied to the specimen during the entire impact event as well as giving the conventional 
single value of total absorbed energy. Automated electronic data analysis provides graphical 
records of applied load and energy absorbed as functions of either time or specimen 
deflection during impact. 
 
For a homogenous material, four values are critical: (1) maximum load, (2) energy to 
maximum load, (3) total absorbed energy, and (4) deflection to maximum load. 
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Maximum (yield) load is simply highest point on the load-time curve before failure.  Often 
the point of maximum load corresponds to onset of material damage or complete failure. 
Energy to maximum load is the energy absorbed by the specimen up to maximum load.  
When maximum load corresponds to failure, the energy to maximum load is amount of 
energy the specimen can absorbed before failure. 
Total energy is the amount of energy the specimen absorbed before completed test.  This 
number may the same as the energy to maximum load when the specimen abruptly fails at the 
point of maximum load. 
Deflection to maximum load is distance the impactor traveled from point of impact to the 
point of maximum load. 
Figure 5.27 shows the schematic representation of a typical force-displacement curve 
gathered from the IFWI test. The plot reveals some information about the impact properties 
of polymers. The curve area is equal to the factual energy of the specimen. To be specific, it 
is the energy transferred from the impact-head to the specimen throughout the course of the 
impact [33]. The peak of the plot is the point at which a crack is initiated in the specimen. 
The curve area from original point to the peak position shows the energy of initiation. 
Beyond the peak point, the crack is propagating until failure occurs and the probe passes 
through the test specimen.  
The area under the second half of the plot depicts the energy of propagation: Force/deflection 
traces at loading levels. These are indicative of the deformation and damage development 
history of the specimen, which in turn has an analogous relationship with force/time traces. In 
general, force/deflection traces can be approximately subdivided into different stages. The 
first stage is referred to as a linear load/deflection deformation due to the elastic response to 
loading. No damage occurrence was expected at this stage. A complete recovery from the 
deformed state to the original specimen position is expected when the applied load is 
removed. With the increase in the load, the specimen yielded, implying the onset of plastic or 
permanent deformation, leading to a sudden drop in load. Once the load reached its 
maximum, it decreased monotonically and the deflection decreased accordingly due to the 
gradual recovery of elastic deformation. 
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Figure 5.27 Schematic representation of a force-displacement curve [34]. 
5.3.2 Effect of MWCNTs on impact performance of PC at quasi-static strain rate 
IFMI tests were carried out to investigate the impact performance of PC and PC/ MWCNTs 
nanocomposites at 0.5 m drop heights and at an impactor weight of 10 kg at room 
temperature. The samples were prepared using compression moulding and five specimens for 
each sample were tested. 
Representative load-displacement signals of PC and PC/MWCNT nanocomposites obtained 
from the impact tests are depicted in Figure 5.28.  As expected, the semi-crack fracture was 
observed for PC and its nanocomposites.  It is clearly seen that incorporation of CNTs has 
significant effects on the impact properties of the PC. With addition of MWCNTs, the 
maximum load and the area of force-deflection curves were greatly enhanced.  
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Figure 5.28 Force-deflection curves of PC and PC/ MWCNTs nanocomposites. 
As shown in Figure 5.28, a clear peak increased with increasing CNTs content. The value of 
maximum load is a function of the damage resistance of a material [34], in other words, more 
resistant material will have higher value of maximum load/peak. The effect of MWCNT on 
maximum load of the PC is shown in Figure 5.29. The results indicate that the maximum load 
of PC is significantly improved by the filler content loading. The PC specimen containing 1 
wt% MWCNTs showed the highest peak load value of approximately 884N, much higher 
than 209N of the pure PC. This indicates the PC nanocomposites are able to sustain much 
higher external force before broken, and the behaviour contributes to greater deflection 
(shown in Figure 5.28). The increased filler content leads to higher impact force due to the 
particle interface react and form a tortuous fracture path [35].  The gradual decrease in load 
after maximum load could be associated with localized cracking, leading to gradual failure.  
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Figure 5.29 Maximum load against MWCNTs for the PC/ MWCNT nanocomposites. 
 
The peak point on the maximum load curve corresponding to the radial fracture damage 
point. This point marks the onset of failure in the material as this initiation of damage induces 
a decrease in material stiffness, resulting in a drop in the load time profile.  The drop in load 
marks the boundary line between two distinct phases, i.e. fracture initiation and fracture 
propagation as explained in Figure 5.27.  This implies that a higher force is needed to initiate 
a crack in the PC/MWCNT nanocomposite.  
 
Upon impact, the impact energy at ultimate failure is usually employed assess impact 
toughness of polymeric material or composite. For a semi-fracture system the total absorbed 
energy can be divided into two parts. The first is required for crack initiation, the elastically 
stored energy in the composite plate, which is released after maximum deflection by 
rebouncing of the sample. The second is, the energy absorbed in the material available for 
crack propagation that consequently controls the extent of damage and residual strength. The 
energy absorbed can be calculated by the area under the force-displacement curve. A 
summary of the results obtained is shown in Table 5.1. The value represents average of four 
or five measurements for each sample. The incorporation of MWCNTs causes a significant 
improvement of impact failure energy of PC. Incorporation of 1 wt% MWCNTs caused 
significant improvement of 500% in impact failure energy of PC.  This illustrates that the 
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material became more toughness.  This improvement in impact failure energy is also an 
evidence of increase in energy dissipation capability of PC upon the addition of the 
MWCNTs. As a rule of thumb, greater is the energy dissipation capability of a system, the 
tougher it is!  In addition, both parts of energies required for crack initiation and propagation 
were also increased with additional MWCNTs. The nanoparticles serve as stress 
concentrators to build up a stress field around themselves. Given the weak adhesion between 
the particles and the polymer matrix, debonding at the particle-matrix interface would take 
place, leading to the release of the strain constraints at the crack tip and consequent massive 
plastic deformation, which consumed a large amount of energy [36].  Furthermore, with 
increasing MWCNTs content, the percentage of initiation energy also increased compared 
with that part of propagation energy for each nanocomposite sample as shown in Figure 5.30.   
This indicates that most fracture energy was consumed in the crack-initiation stage whereas 
the crack propagation contributed a small proportion of energy consumption when the sample 
containing higher percentage of MWCNTs. The impact behaviors and properties of 
composites are mainly governed by particle size and respect ratio. The dispersion could be a 
dominating factor. When large aggregates are present the voids that are created by debonding 
are not stable and grow to a size where crack initiation occurs. The creation of stable free 
volume at the particle size level leads to high energy adsorption by shear yielding and 
consequently high impact resistance [37].  
 
Table 5.1 Initiation energy, propagation energy and the total absorption energy of PC/CNTs 
nanocomposites: 
   Sample Initiation  Energy Propagation  Energy Total Energy 
(105J/m3) (105J/m3) (105J/m3) 
   PC 2.53 4.22 6.75 
PC/0.1MWCNT 4.54 6.11 10.65 
PC/0.5MWCNT 11.87 10.69 22.56 
PC/1.0MWCNT 15.39 14.87 30.26 
 
*Standard deviation: ± 15% 
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Figure 5.30 Percentage of initiation energy against weight percentage of 
MWCNTs.  
In the case of a ductile failure, the energy increases until crack initiation occurs, then energy 
is still required for propagating the remaining section of the crack and completing the failure. 
This type of failure mechanism is commonly signified by a rounded curve, with a 
considerable amount of energy contained beyond the initiation point. An example for ductile 
failure can be explained in Figure 5.31a. In addition to the case of a brittle failure, the force 
deflection relationship is approximately linear [33], up to the point of crack initiation, i.e. the 
peak of the curve. The energy required to propagate the crack and complete the failure is 
much lower than was seen in the ductile behaviour. The example of brittle failure can be 
explained in figure 5.31b.  
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Figure .5.31 Example of two types failure: (a) ductile; (b) brittle [38]. 
Figure 5.32 shows representative digital images for the tested specimens of the pure PC and 
its nanocomposites. The patens of damage in the entire configuration were presented. For PC 
the crack path was erratic and brittle fracture was observed. For the sample containing 0.1% 
MWCNTs shows the similar broken model.  For samples containing 0.5 or 1% MWCNTs are 
found plastic deformed yielding zone at the area where the falling weight striker hit, though 
the samples are fully penetrated.  This again demonstrates visible evidence for dramatically 
improvement of toughness of PC.    Impact properties of polymer nanocomposites are usually 
confounded by the effects of nanoparticles with adverse agglomeration. Good dispersion of 
nanoparticles is essential for reinforcing impact performance of polymer nanocomposites. 
The SEM images as shown in Chapter 4 revealed that uniformly dispersion and distribution 
of CNTs in nanoscale was achieved in PC.  It could be one reason for the reinforcements of 
impact properties of PC.  
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Figure 5.32 Representative digital images for the PC and nanocomposites after the 
impact tested: (A) Pure PC; (B) 0.1 wt% MWCNTs; (C) 0.5 wt% MWCNTs; (D) 
1wt% MWCNTs. 
In order to further know nano-filler effects on falling weight impact behaviour for polymer a 
comparative study was also undertaken.  Typical force and deflection traces for HDPE and 
HDPE nanocomposites gathered from the IFWI test are shown in Figures 5.33. The curves of 
HDPE and its nanocomposites are similar and exhibit the features of semi-ductile fracture 
behavior. The load rises up to a maximum value and then gradually decreases. It is clearly 
seen that incorporation of CNTs into HDPE matrix has the samilar effects on the impact 
properties compared with PC systems.   With addition of MWCNTs, the peak force and the 
area of force-deflection curves were enhanced, but the effects are not stronger than that of the 
PC systems (See Figure 5.28). 
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Figure 5.33 Force-deflection curves for HDPE and HDPE/MWCNT nanocomposites. 
Tables 5.2 lists the results generated from the force-deflection curves of HDPE and its 
MWCNTs nanocomposites showing in terms of maximum load, energy to maximum load 
and failure energy.  The standard deviation was about ± 15%.  
The maximum load of HDPE as a function of MWCNTs content was presented in Figure 
5.34. It is noted that maximum load of the matrix increases with increasing MWCNTs 
content. The maximum load for HDPE/0.6wt% MWCNT nanocomposite is a highest one. 
Further increasing MWCNTs content the extent of reinforcement became weaker. 
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Table.5.2 Impact results for HDPE and its MWCNTs nanocomposites: 
Sample 
Initiation Energy 
106J/m3 
Failure Energy                 
       106J/m3 
Maximum Load 
(N) 
HDPE 3.17 6.88 970 
HDPE/0.1%MWCNT 4.01 8.65 1072 
HDPE/0.3%MWCNT 4.76 10.12 1089 
HDPE/0.6%MWCNT 5.65 10.77 1236 
HDPE/1.0%MWCNT 4.79 7.86 1115 
HDPE/2.0%MWCNT 5.47 8.23 1171 
            
           * Standard deviation: ± 15% 
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Figure 5.34 Peak force against MWCNTs for HDPE and HDPE/ MWCNTs 
nanocomposites.  
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Figure 5.35 shows the failure energy against MWCNTs content for the HDPE/ MWCNTs 
nanocomposites. Carbon nanotubes provided toughening effect. With increasing the 
MWCNTs content, the failure energy increased. Incorporation of 0.6wt% MWCNTs caused 
significant improvement of 150% in impact failure energy of HDPE. The impact energy at 
ultimate failure has been frequently utilized to evaluate the toughness of the polymer system.  
It was thought that 0.6 wt% is an optimum concentration of the MWCNTs to improve the 
toughness of HDPE. It was believed that adding higher MWCNTs percentage into polymer 
matrix caused agglomeration which could affect impact behaviour of polymer. Introduction 
of fillers into a polymer matrix results in a heterogeneous system. Under effect of external 
load these heterogeneities induce stress concentration, the magnitude of which depends on 
the geometry of the particles [39, 40]. With anisotropic particles the stress concentration that 
develops can be significantly large at the edges or the end of the particles. 
 
 
 
 
 
 
 
Figure 5.35 Effect of MWCNTs on failure energy of HDPE and its nanocomposites. 
Figure 5.36 shows the digital images for the tested specimens of the HDPE and 
HDPE/MWCNT nanocomposites. As shown, for the pure HDPE specimen hat-like broken 
which is under threshold of failure was observed showing HDPE is a tough polymer.   For the 
HDPE nanocomposites, the fractured area has a nearly similar size to that with the impact 
dart. Generally, for HDPE and HDPE/MWCNT nanocomposites in the IFWI test, if the 
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fracture behaviour is more ductile, the hole created should be much more similar in size to 
the impact dart. Thus, the contribution of MWCNTs are unaffected by the ductility response 
for HDPE and HDPE/MWCNT nanocomposites. 
 
Figure 5.36 Representative digital images for HDPE and nanocomposites with 
different percentage of MWCNTs after the impact tested. 
From above investigations it was concluded that MWCNTs can dramatically improve impact 
properties of polymers.  These improvements are mainly determined by two aspects:  
1) nanofiller dispersion and  distribution  
2) polymer matrix  
Obtaining a uniform dispersion of nanoparticles in polymer matrix is a critically important 
precursor to enhance mechanical properties of nanocomposites.  The uniform dispersion and 
nano-sized distribution of MWCNTs in polymer matrix could make more cracks initiated and 
change crack propagation routes accompanied by large energy consumption during impact 
test. In the case when relatively large agglomerates would remain in the matrix, a propagating 
crack could encounter a stress concentration locally and then easily induce the initiation of 
the final failure. Obviously, embrittlement effects occur at higher filler contents, where more 
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agglomerates are likely to be found. The improved properties at low filler contents, on the 
other hand, testify lower stress concentrations and, therefore, the remaining nanoparticle 
clusters should be small. This shows again the importance to reach a homogeneous 
distribution of nanoparticles in the polymer. 
Increase in impact resistance upon addition of a rigid filler have been reported [41-43].  In 
general, the micro-mechanism consists of three stages:  
1. Stress concentration. The modifier particles act as stress concentrators, because they have 
different elastic properties compared to the matrix polymer. 
2. Debonding. Stress concentration gives rise to built up of triaxial stress around the filler 
particles and this leads to debonding at the particle–polymer interface. 
3. Shear yielding. The voids caused by debonding alter the stress state in the host matrix 
polymer surrounding the voids. This reduces the sensitivity towards crazing since the volume 
strain is released. The shear yielding mechanism becomes operative and the material is able 
to absorb large quantities of energy upon fracture. 
In order for rigid filler particles to act as toughners, they must fulfil certain requirements. 
1. The particles should be of small size (less than 5 mm) otherwise the voids that are created 
would act as initiation sites for the fracture process. The creation of stable free volume is 
what is desired. 
2. The aspect ratio must be close to unity to avoid high stress concentrations. 
3. The particles must debond prior to the yield strain of the matrix polymer in order to change 
the stress state of the matrix material. 
4. The particles must be dispersed homogeneously in the matrix polymer, aggregation should 
be avoided. 
 
5.4 Conclusions  
 
The dynamic response and impact behaviour of PC and its nanocomposites by incorporation 
of MWCNT and clay nanofillers have been studied. It revealed that the loading of nanofillers 
caused an improvement in the storage modulus and a decrease in tan δ values.  Onset 
temperature of the storage modulus decreases as nanofiller loading decreases. In addition, the 
loading of MWCNT and clay affected the viscoelastic behaviour of PC. This change in 
viscoelastic behaviour at various temperatures and frequencies were considered to be a 
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consequence of better polymer-nanofiller interaction, and because of the good dispersion of 
the nanofillers. From falling weight impact tests the results clearly showed that addition of 
the nanofillers has significant influences on the impact performance of polymers. The 
incorporation of MWCNTs causes significant improvements of impact resistance and impact 
failure energy of PC. For PC/CNTs system containing 1wt% CNTs the maximum load and 
the impact failure energy were dramatically increased about 400% or 500% as compared with 
the PC matrix, respectively. Good dispersion of nanoparticles is essential for reinforcing 
impact performance of polymer nanocomposites. 
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Chapter 6: Performance of polycarbonate and Its Nanocomposites at 
High Strain Rates 
6.1  Introduction 
The previous chapter provided a brief account of the performance of PC and its 
nanocomposites at the conventional (quasi-static) strain rate, which revealed the effect of 
nanofillers on the performance of polymers at quasi-static rates.  
The performance of polymers and polymer composites at high strain rates is relevant to 
various applications including structural, military and sports [1, 2].  Practically, the 
principal interest in such materials is for lightweight personal protection [1, 2].  Although 
there is relatively little published work on the performance of polymers and polymer 
composites at high strain rates, yet it is believed that research in this area could usefully 
focus on: (i) understanding the performance of polymers at high strain rates both 
theoretically and experimentally, and (ii) design and development of materials with 
improved ballistic impact strength for the development of lightweight armour.  Recent 
research indicates that incorporation of nanofillers in polymers can enhance a wide range 
of the polymers’ physical and engineering properties [3–10].  It is considered that combat 
survivability could be improved by extending the protective area of nanostructured 
materials for the purpose of personal protection.  The idea has not been achievable 
previously since the candidate materials were not available.  However, it is the recent 
development of polymer nanocomposites that has opened up this window of opportunity 
[11, 12]. 
PC is a transparent amorphous engineering thermoplastic that has outstanding ballistic 
impact strength, good optical clarity and high heat-distortion resistance [13].  PC is used 
widely in many transparent engineering applications; for example, body armour and 
visors [13].  Indeed, the U.S Army has a continuing interest in research on PC for the 
purpose of improving its properties and therefore enhancing its performance [14]. 
The main objective of this chapter is to investigate the performance of PC and its 
nanocomposites at high strain rates by using the Split Hopkinson Pressure Bar (SHPB) to 
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In addition to using pure HDPE and HDPE/MWCNT nanocomposites as examples of 
semi-crystalline and non-polar polymers for assessment of the PC performance.  Density 
measurement and DSC were also employed to determine the effect of high strain rate on 
the structure of the polymer nanocomposites. 
6.2  High Strain Rate Techniques   
The performance of polymer materials at high strain rates is completely different from 
that at low strain rates [12].  Factors involved in the inertia of testing and the preparation 
of specimens must be accounted for.  Methods available for studying mechanical 
properties and the effects of strain-rate on materials vary with the system used strain-rate 
[15-17]. 
Figure 6.1 [18] shows a division in testing techniques based on strain rates, although 
these divisions are purely related to the convenience in experimental techniques and are 
not necessarily intended to imply basic differences in deformation mechanisms [18]. 
 
 Figure 6.1 Schematic diagram of strain rate developed and the techniques applied for 
different strain rates [18]. 
The characteristic time given is that required to produce 1% strain at the corresponding 
stress-strain.  The lowest strain rate corresponds to creep deformation that may take place 
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at rates as low as 10-1s-1.  Conventional (quasi-static) mechanical testing takes place in the 
range between about 10-4s-1 to 10-1s-1 and uses hydraulic or screw driven machines that 
continuously supply energy to a specimen and record load as a function of extension.  At 
higher strain rates though, testing methods can be grouped according to the range of the 
strain rate over which they operate (see Figure 6.1) [18].  
A number of experimental techniques have been developed to measure the response of 
polymer materials to high strain rates.  The most common techniques for high rates 
include SHPB, Taylor Impact and Shock Loading using plate impact.  However, SHPB is 
the commonest of all techniques used by many researchers [18] to study the mechanical 
behaviour of polymer materials under varying strain-rates, since it is increasingly 
becoming the standard method for measuring material’s dynamic mechanical properties; 
in the strain rate range from 102s-1 to 104s-1, tension [19] and torsion [20] versions were 
developed at various temperatures.  
Most materials show a different constitutive behaviour in different ranges of strain rates.  
The strain rate sensitivity has been investigated for a number of important materials, such 
as ceramics [21], polymers [22], concrete [23] and metals [24].  The SHPB or Kolsky 
apparatus is one of the most widely used methods for studying the behaviour of materials 
at high strain rates.  
6.3 Split Hopkinson Pressure Bars 
6.3.1 Split Hopkinson Pressure Bars Apparatus  
SHBP (Split Hopkinson Pressure Bars) is a technique commonly used in the study of 
mechanical behaviour of materials at high strain rates under uniaxial stress conditions.  
The technique has been particularly useful for investigating the dynamic behaviour of a 
wide variety of ductile engineering materials (e.g., steels, aluminium alloys, and 
polymers) [24] following the initiation of plastic flow.  
Many researchers have found that SHBP is an ideal technique for studying the dynamic 
properties of materials under compression [18, 25, 26].  However, SHPB was not widely 
used until the 1970s.  Instead, alternatives such as the propagation of plasticity down rods 
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or the cam plastometer [18, 24] were used to understand dynamic mechanical properties 
during compression.  As SHPB increasingly became the standard method for measuring 
the dynamic mechanical properties of materials in the strain rate range from 102s-1 to 
104s-1, tension and torsion versions were developed to take measurements within a range 
of different temperatures; the method for preparing samples for this test was easier in 
contrast to those required for other experiments. 
The information below shows the recent major developments in SHPB testing: 
o 1980 Gorham and Field develop the miniaturised direct impact Hopkinson bar 
[27,28]. 
o 1985 Albertini develops large SHPB for testing structures and concrete [29]. 
o 1991 Nemat and Nasser develop one pulse loading SHPBs (compression, tension 
and torsion) and soft recovery techniques [26]. 
o 1991–1993 Use of tensional SHPB for the measurement of dynamic sliding 
friction and the shearing properties of lubricants [30-32]. 
o 1992–2003 Development of polymer SHPB for testing foams [33-36]. 
o 1997–2002 Use of wave separation techniques to extend the effective length of a 
Hopkinson bar system [37-39]. 
o 1998 Development of magnesium SHPB for soft materials [40,41]. 
o 1998 Development of radiant methods for quickly heating metallic SHPB 
specimens [42, 43]. 
o 1998–2002 Analysis of wave propagation in non-uniform viscoelastic rods 
performed [44-47]. 
o 1999 Development of one pulse torsion SHPB [48] 
o 2003 Extension of Hopkinson bar capability to intermediate strain rates [49] 
o 2003 Application of speckle metrology to specimen deformation [50] 
6.3.2 Application to the Hopkinson Bar Apparatus 
All compressive SHPB apparatuses are comprised of the same general components.  They 
include an impact bar usually propelled by a gas chamber, an incident bar and a 
transmitter bar, strain transducers with signal conditioners and a means of digital storage.  
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A schematic of an SHPB is shown in Figure 6.3.  Due to the use of the SHPB in this 
research project, more details pertaining to the SHBP are given in this section. 
 
 Figure 6.2 Schematic of the SHPB in the Department of Physics at 
Loughborough University [51]. 
Figure 6.3 is a schematic of the SHPB equipment.  The apparatus is over 15 feet long.  
The end of the transmitter bar shows the length of the pressure bars, the holes drilled into 
the end of the barrel vent and the pressure behind the striker bar.  The pressure bars are 
usually made of a high strength elastic material, such as managing steel.  Several collars 
support the pressure bars, allowing them to slide freely and remove any bending waves 
caused due to an impact.  Transducers mounted on the pressure bars respond to 
instantaneous strain.  Once amplified, a digital storage oscilloscope records these strain 
signals.  Many factors influence the appropriate selection of the various components in an 
SHPB test. 
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Figure 6.3 Schematic of SHPB Apparatus viewed from the striker bar end [51]. 
6.3.3 Theory of the SHPB Technique 
To determine the stress strain behaviour of a material, the pulse reflected and the pulse 
transmitted through the sample must be observed.  This was carried out using strain 
gauges and implies that the pluses recorded were those of strain in the bars. 
From the one-dimensional theory of elastic wave propagation, 
•
= uc0ρσ        (6.1) 
And thus, 
0c
u
ρ
σ
=
•
        (6.2) 
Where
•
u is the particle velocity, σ  is the stress, p is the density and c0 is the elastic wave 
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velocity.  As c0 = ρ/bE , in which Eb is the elastic (Young's) modulus of the pressure 
bars, this leads to: 
ε
ρρ
ε
0/
c
E
E
u
b
b ==
•
       (6.3) 
Integration with respect to time therefore yields displacement u at time t. 
dtcu
t
ε
0
0 ∫=
       (6.4) 
The specimen is subjected to compression in the approach of a SHPB experiment.  Figure 
6.4 illustrates the magnified region surrounding the sample during a typical experimental 
scenario. ε1, εR and εT correspond to the incident, reflected and transmitted pulses of strain 
respectively, whilst u1 and u2 refer to the displacements of the ends of the two pressure 
bars. L0 is the initial length of the sample. 
 
 Figure 6.4 Schematic view of Strain pulses incident on a sample [51]. 
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The displacement u1 of the face of the loading bar is the consequence of each incident 
pulse, travelling in the positive x-direction and the reflected pulse travelling in the 
negative x-direction.  Hence: 
dtcdtcu R
tt
εε
0
0
0
01 ∫−∫= Ι  
dtcu R
t
)(
0
01 εε −∫= Ι       (6.5) 
Displacement u2 of the face of the transmitter bar is due to the transmitted pulse, and so 
can be represented as: 
dtcu T
t
ε
0
02 ∫=        (6.6) 
 
The engineering strain εe of the specimen is therefore: 
0
21
L
uu
e
−
=ε        (6.7) 
And substitution yields: 
dt
L
c
TRI
t
e )(
00
0 εεεε −−∫=      (6.8) 
As L0 approaches zero, it can be assumed that the stress across the sample becomes 
constant, and neglecting time delay due to wave propagation, it implies that the forces 
acting perpendicular to the bar faces are equal.  Hence it can be assumed that: 
RIT εεε +=        (6.9) 
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This relationship can then be applied to equation 6.8 resulting in: 
dt
L
c
R
t
e εε
00
02 ∫−=        (6.10) 
Thus, the sample engineering strain can be determined through integration of the 
reflected pulse and application of the constants C0 and L0. 
Similarly, the forces F1 and F2 applied to both faces of the specimen are given by: 
RIb AEF εε += (01 )      (6.11) 
And 
Tb AEF ε02 =        (6.12) 
Where A0 is the cross-sectional area of the pressure bars. 
The engineering stress (σe) within the sample is therefore. 
s
e A
FF
2
21 +=σ  
)(
2
0
ΤΙ ++= εεεσ R
s
b
e A
AE
      (6.13) 
In which sA is the cross-sectional area of the sample itself.  Again considering the 
relationship in Equation 6.8, this becomes: 
Τ= εσ
s
b
e A
AE 0
       (6.14) 
Thus, it can be seen that the engineering stress is directly proportional to the transmitted 
strain. 
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Once the engineering stress and strain of the specimen were established, it was again 
necessary to convert these measurements to that of true stress and strain. 
6.3.4 Electronic Data Conversion 
As derived in the previous part, the engineering stress and strain of a material undergoing 
testing on the SHPB system can be determined from the following relationships: 
)()( 0 t
A
AEt T
s
b
e εσ =        (6.15) 
dtt
L
ct R
t
e )(
2)(
00
0 εε ∫=       (6.16) 
Therefore, both Tε  and Rε  must be extracted from the output signals of each respective 
strain gauge pair. 
As the appropriate place to begin is by noting that the strain experienced by a gauge is 
related to its electrical resistance, convert through the simple proportionality relationship:  
G
G
R
dR
F
1
=ε        (6.17) 
Where F is the gauge factor and RG is the resistance of a gauge pair. 
Evaluation of the potential divider circuit (Figure 6.5) in which the gauge pair is 
connected, implies that: 
E
RR
RV
BG
G
G +
=        (6.18) 
Here GV  is the voltage across the gauge pair and BR  is the resistance of the ballast resistor 
placed in series.  E is the voltage provided by the overall power supply. 
Chapter 6:  Performance of polycarbonate and Its Nanocomposites at High Strain Rates 
 
167 
 
It is convenient at this point to introduce the term: 
G
B
R
Rn =         (6.19) 
And re-equate expression 6.18, such that: 
E
n
VG )1(
1
+
=        (6.20) 
From here, differentiation of Equation 6.20 with respect to n and Equation 6.19 with 
respect to GR  yield: 
2)1( +
−=
n
E
dn
dVG        (6.21) 
And 
B
G
B
G R
R
dR
dn
−=        (6.22) 
respectively. 
Equation 6.22 can then be rearranged in terms of dn and substituted into 6.21 to give: 






+
−−= 22 )1(n
E
R
R
dR
dV
G
B
G
G
     (6.23) 
Implying that 
G
B
GG dVER
nRdR
2
2 )1( +=       (6.24) 
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Finally, this expression can be substituted into the original strain/resistance equation 6.17 
to give the required relationship: 
GdVnFE
n 2)1( +
=ε        (6.25) 
This formula with using appropriate constants is capable to convert the reflected and 
transmitted strain pulses recorded in terms of voltage deflection into numerical values. 
 
 Figure 6.5 Potential divider circuit diagram used to monitor the 
voltage deflections across one pair of strain gauges [51]. 
Equations 6.15 and 6.16 were used to evaluate the overall stress and strain experienced 
by the sample from the reflected and transmitted strain pulses were.  For the sample 
strain, integration of the reflected pulse was achieved by using Equation 6.25 for 
determining the reflected strain as a function of time followed by the application of the 
trapezium method for completing the actual integration.  This involves dividing the whole 
strain pulse into a large number of component trapeziums and then summing up each if 
their calculated areas are an approximation of the pulse integral as a whole. 
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In the case of the transmitted pulse, the voltage data was again converted to strain using 
Equation 6.25.  On the other hand, at this very point, Equation 6.15 could be directly 
applied in order to calculate the stress in the sample. 
Since the results of stress and strain were synchronous in time, they could be plotted 
against each other observing that they produced the familiar stress-strain curve. 
The digital oscilloscope was used to record the experimental data and then the measured 
signals of the pressure bars were outputted to spread-sheet format so that the signals 
corresponding to the reflected and transmitted pulses could be isolated and analysed. 
All the data and theory in this part were obtained from the Physics Department at the 
Loughborough University [51]. 
 
6.3.5 Procedure of Split Hopkinson Pressure Bar Apparatus 
Specimens for the Split Hopkinson Pressure Bar (SHPB) test were prepared using 
compression moulding and had 8mm diameter with 4 mm height.  All specimens were 
lubricated on both faces with a layer of petroleum jelly.  All samples were subjected to 
high strain rate compression testing using the SHPB apparatus.  These test were 
conducted at room temperature over a strain rate range from 102s-1 to 104s-1. 
Both the bars are 1 m long and are made of high-strength steel.  The pre-loading bar has 
the same diameter as the pressure bars (12.7 mm) but is made of lower strength steel. 
The specimen is sandwiched between the loading and transmitter pressure bars as shown 
in Figure 6.3, while the impact pulse propagates beside the specimen and the pressure 
bars.  The corresponding signals of strain measured by the gauges are converted to 
voltage signals and then the amplifier sends these signals to the digital oscilloscope for 
them to be recorded.  All the data is then transferred from the oscilloscope to a floppy 
disc that is then used to transfer this raw data to Microsoft Excel as illustrated in Figure 
6.6.  A typical oscilloscopic curve as illustrated in Figure 6.7 can then be plotted using 
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this raw data.  Figure 6.8 shows an example of a plotted stress-strain curve as a final step 
when processing the data from the spreadsheet. 
 
Figure 6.6 Spreadsheet of raw data for SHPB. 
 
 Figure 6.7 A typical oscilloscopic curve recorded for SHPB. 
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 Figure 6.8 A typical stress-strain curve for SHPB. 
6.4  Raw Data of Split Hopkinson Pressure Bar Test 
Figures 6.10 and 6.11 illustrate examples of typical oscilloscopic curves recorded for the 
raw data from gauges for the incident and the transmitter of the pure HDPE and 
HDPE/0.6% MWCNT at a strain rate of 4000s-1.  The transmitter gauge records the stress 
affecting the specimen.  The first pulse, indicated by ‘A’ in the incident bar is the incident 
pulse whereas the second pulse ‘B’ is the reflected pulse.  If the mechanical impedance of 
the specimen is less than that of the bar as revealed in Figures 6.9 and 6.10, the 
transmitted pulse ‘C’ through the specimen is lower than the incident pulse ‘A’ as shown 
in HDPE and HDPE/0.6% MWCNT.  
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 Figure 6.9 A typical oscilloscopic record for an HDPE specimen. 
The stress gradually decreases over the last part with the transmitted pulse as compared to 
the incident pulse.  It can also be noted that the importance of the reflected pulse is 
elevated when compared to the transmitted pulse.  Figure 6.10 shows a similar sort of 
gauge generation and same strain rate in bars during an experiment for a PE/0.6 % 
MWCNT specimen.  It shows relatively similar levels of reflected pulses that give 
instantaneous specimen strain rate and strain with a slightly higher value of transmitted 
pulse that causes specimen stress in comparison with a pure PC specimen.  
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 Figure 6.10 A typical oscilloscopic record for a HDPE/0.6%MWCNT 
specimen. 
The plateau in the reflected pulse observed in Figure 6.10 indicates that the PE/0.6% 
MWCNT specimen deformed at nearly a constant strain rate for most of the time during 
specimen deformation. 
6.5 Accuracy of Split Hopkinson Pressure Bar Results 
Typical stress-strain curves obtained from SHPB testing of all samples that were used in 
this study were calculated as average curves forthree specimens tested at each strain rate 
from each configuration (see Figure 6.11).  The average stress-strain curves were then 
analyzed and smoothened by using the Origin software.  Variations in strain (%) were 
calculated and the range ofstandard deviation for all the samples found to be aminimum 
error of 9% and the maximum error of 13%. 
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 Figure 6.11 Typical stress-strain curves of SHPB testing for three specimens of 
HDPE at a strain rate of 2400s-1. 
The stress-strain results obtained from SHPB testing of all the samples were used in this 
study, calculating the average and standard deviation of three specimens tested at each 
strain rate from each configuration.  The measurements described were repeated in order 
to minimize the error ensuring validity.  The results of yield stress were very similar and 
the range of standard deviation for all samples is between a minimum error of 5% and a 
maximum error of 10%. 
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6.6    Effects of Nanoclay on performance of PC at high strain rate 
Figures 6.12 to 6.15 illustrate a compressive stress-strain response plot for the pure PC 
and PC/clay nanocomposites against weight percentage of clay at strain rates of 3100s-1, 
3400s-1, 3800s-1 and 4000s-1 respectively.  All PC/clay nanocomposite specimens, 
including the pure PC, exhibited an initial nearly linear behaviour where they yielded, 
followed by a transitional non-linear response where strain hardening takes place prior to 
a strain softening behavior.  It is observed that an increase in the impact momentum 
increases the area of the stress-strain and the stress collapse ultimately increases with the 
increasing strain rate. 
The specimens showed a permanent deformation under HSPB compressive loading  with 
high strain rates. Generally, this exhibits a stress-strain curve that represents 
instantaneous strain rate values, where the values for a specimen initially increase 
dramatically from zero and then hold a relatively constant value.  Towards the end, the 
values increase again but this occurs after specimen failure.  Due to the nature of the 
loading apparatus, each specimen was loaded for a fixed length.  This means that the 
strains achieved were higher in the experiments at higher strain rates.  In the case of all 
specimens, the end of the stress–strain curve represents the end of the experiment and is 
not related to any material property. 
The pure PC sample shows a maximum stress in the range of 68 MPa at a strain value of 
around 8% as seen in Figure 6.12.  In the PC/0.1% clay nanocomposite sample, the 
addition of 0.1 % by weight of clay to pure PC, showed a small improvement in 
maximum stress (70 MPa), while a shift in strain was clearly observed with a strain value 
of around 15%. Moreover, the increase in strain softening is clear.  The PC/0.5% clay and 
PC/3.0% clay nanocomposite specimens when tested, behaved in a manner similar to the 
PC/0.1% clay system.  Based on a quantitative comparison, it is revealed that the 
supplement of 1wt% nanoclay into PC can enhance the strain up to 53% and reduce the 
maximum stress to 62 MPa. 
Figure 6.12 exhibits that the strain softening percentage clearly increases with the 
increase in nanoclay to a maximum value for the PC/1.0% clay nanocomposite and a 
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reduction is observed for the PC/3.0% clay nanocomposite.  This can be explained as 
being due to the strong combination bond between clay and the polymer in the matrix.  It 
can be seen from Figure 6.12 that an improvement in the strain softening of the 
composite was achieved. 
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 Figure 6.12 Stress-strain curves of SHPB for PC and PC/clay 
nanocomposites at a strain rate of 3100s-1. 
Figures 6.13 and 6.14 show the SHPB stress-strain curves for the PC and PC/clay 
nanocomposites at strain rates of 3400s-1 and 3800s-1 respectively.  The values in these 
figures illustrate more or less a similar behaviour as seen at a strain rate of 3100 s-1, 
excluding the facts that the fracture zone shows more strain softening prior to fracture 
and a small increase in maximum stress for the PC and PC/0.1% clay at strain rate of 
3400s-1.  The 0.5% nanoclay leads to an increase in the maximum stress to 80 MPa at a 
strain of 14%, whereas the addition of 1.0% clay reduces the maximum stress to 60 MPa.  
The significant improvement shown with 3.0% clay is in the strength to 83MPa compared 
with other samples as seen in Figure 6.13.  The PC with 1.0% clay showed the highest 
strain softening percentages with a reduction in strength compared to the pure PC, while 
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the other PC/clay nanocomposites revealed enhancement in both.  The maximum stress 
and strain softening withaddition of nanoclay is demonstrated in Figure 6.14. 
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Figure 6.13 Stress-strain curves of SHPB for PC and PC/clay nanocomposites at a strain 
rate of 3400s-1. 
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 Figure 6.14 Stress-strain curves of SHPB compression testing for PC and PC/clay          
nanocomposites a strain rate of 3800s-1. 
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The same conclusion can be drawn from Figure 6.15 for the samples tested at a strain rate 
of 4000s-1.  With increasing nanoclay percentage the maximum strength of the 
nanocomposites was increased.  Moreover, the enhancement can be achieved by loading 
nanofiller at different strain rates.  It is interesting to mention that the enhancement ratio 
seems to be affected significantly by the strain rate.  This enhancement in the PC/clay 
nanocomposites can be attributed to the addition of the nanoclay and effectively improves 
the strain softening of the PC/clay nanocomposites. 
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 Figure 6.15 Stress-strain curves of SHPB compression testing for PC and 
PC/clay nanocomposites a strain rate of 4000s-1. 
A significant enhancement in strain softening took place as a function of nanoclay 
content and strain rate.  The increase in strain softening could be due to the thermal 
softening, particularly at highest strain rate (4000s-1).  However, at high strain rate 
PC/3.0%clay exhibits significant improvement in maximum stress as a function of strain 
rate. 
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6.6.1 Effects of nanoclay on the yield stress of PC at high strain rates 
Figure 6.16 shows the yield stress against strain rates of PC and PC/clay nanocomposites, 
whereas Figure 6.17 shows the yield stress against different concentrations of clay PC 
and PC/clay nanocomposites at different strain rates.  The first observation from Figure 
6.16 is that the yield stress increases with an increasing strain rate for all the samples.  A 
number of authors believe that this increase in yield stress is correlated to the secondary 
molecular processes [52-59] An increasing strain rate leads to decrease the molecular 
mobility of the polymer chains making the chains stiffer during high strain rates [60]. 
The effect of nanoclay on yield stress with different concentrations of clay is shown in 
Figure 6.18. At a strain rate of 3100s-1, it can be observed that the content of nanofiller 
has an insignificant effect on yield stress compared with the pure PC.  For a strain rate of 
3400s-1 however, it can be seen that the yield stress increases with the nanoclay content 
and a similar trend of an increased yield stress was observed for a strain rate of 3800s-1.  
The improvement in yield stress according to Kojima [61], is due to the fact that the 
polymer-clay hybrid contributes to restrict the polymer chains mobility thus improving 
the mechanical properties.  Increasing the clay content will greatly constrain the polymer 
chains mobility and therefore improve the yield stress [61]. 
The effect of nanoclay on yield stress at the highest strain rate (4000s-1) in this study 
revealed that though there is a trend of yield stress increase with increased nanoclay 
content but the trend slope of yield stress shows a slight drop as compared with the 
previous strain rates (3400s-1 and 3800s-1).  However, it was found that an adiabatic heat 
is generated during the high strain rate [62-64].  This perhaps could be the reason why the 
yield stress decreased at the highest strain rate.  The yield stress decreases with increasing 
strain to a certain point and also with an increase in the clay content.  Generally, this 
thermal effect becomes significant at a certain level of strain rate.  Owing to the thermal 
diffusivity of PC and nanoclay particles, effects of adiabatic heating might probably be 
significant for high strain rate testing.  However, Walley et al. [65]  studied the effects of 
high strain rate and noticed that the adiabatic heating may be the reason for the drop in 
yield stress in some cases of polymer. 
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 Figure 6.16 Yield stress vs. different strain rates for pure PC and PC/clay nanocomposites. 
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 Figure 6.17 Yield stress vs. wt% nanoclay for the PC at  different strain rates. 
6.6.2 Effect of Strain Rate on the Performance of PC and PC/Clay 
Nanocomposites 
Impact energy vs. strain rate of the PC and PC/clay nanocomposites was obtained by 
integration of stress vs. strain and is shown in Figure 6.18.  The impact energy represents 
the area of strain hardening and strain softening regions where plastic deformation 
occurs.  The process of strain hardening dominates the plastic deformation region and is 
achieved by thermal softening upon reaching stress collapse.  The region of thermal 
softening was increased with the increase of strain rate.  Strain hardening and thermal 
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softening cause localised heating during high strain testing, referred to as adiabatic 
heating.  The stress collapse increases with increasing strain rate. 
In general, the increasing in strain rate and nanoclay content leads to an increase in the 
impact energy for all cases as shown in Figures 6.18 and 6.19.  It can be seen that the 
impact energy in the PC/clay nanocomposites enhanced greater than that in the pure PC. 
 
 Figure 6.18 Impact energy of PC and PC/clay nanocomposites vs. strain rate.   
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 Figure 6.19 Impact energy vs. wt% nanoclay at different strain rates. 
Referring to Figures 6.18 and 6.19, the pure PC shows a linear increase in impact energy 
with increasing strain rates.  The increase in impact energy could be a result of thermal 
softening during the SHPB test, particularly at high strain rates (3800s-1 and 4000s-1).  
The nanoclay content also affects the impact energy, the latter showing an increase with 
an increase in the former at different strain rates.  However, it is observed that when the 
concentration of nanoclay increase, the matrix of the PC/ nanoclay nanocomposite, 
compared to the pure polymer, can absorb further energy as a function of the nanoclay 
concentration. 
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The influence of nanofiller is traced to extreme localised heating and the associated 
thermal softening as a result of high strain-rate impact test.  Heat is trapped in a localised 
region in the specimen during the impact test and hence thermo-mechanical instability 
occurs in the microstructure as a consequence of the dominating effect of thermal 
softening over strain hardening.  The micro-structural imperfections caused by the 
occurrence of adiabatic heating eventually lead to collapse of the material.  Figure 6.20 
shows the glass transition temperature (Tg) against impact strain rate for the pure PC and 
PC/clay nanocomposites.  The results revealed a significant effect of adiabatic heating 
during SHPB tests.  Tg of the PC after impact test slightly deceased with raised strain 
rate.  With 0.1wt% and 0.5wt% nanoclay, there was generally an insignificant influence 
on Tg before and after impact test.  However, with 1.0wt% and 3.0wt% nanoclay, the Tg 
values increased significantly at high strain rates.  It can be observed that the influence of 
nanofiller is traced to extreme localised heating and the associated thermal softening at 
high strain-rate impact test, and that induces a micro-structural rearrangement that 
occurred as a function of the nanofiller content. 
During the impact test, thermo-mechanical deformation occurs in the microstructure as a 
result of the dominating effects of thermal softening and the micro-structural 
imperfections caused by the impact test itself, leading to the failure of the material.  
Figure 6.21 illustrates the relationship between density and strain rate for the PC and 
PC/clay nanocomposites.  Density was measured before and after impact test.  The results 
showed that the density of the pure PC decreased with increased strain rate.  A similar 
decrease occurred in the density of PC/clay nanocomposites but the drop in density was 
quicker than that of the pure PC.  The reason for this decrease in densities of PC and 
PC/clay nanocomposites could be due to the large number of cracks that occurred during 
the SHPB test.  The nanoclay particles could absorb more energy and the created cracks 
which could lead to high impact energy. 
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 Figure 6.20 Tg against strain rate for the pure PC and PC/Clay nanocomposites. 
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6.7 Effects of MWCNT on the Performance of PC at High Strain Rate 
Figures 6.22 to 6.25 illustrate compressive stress-strain response plots for the PC and PC/ 
MWCNT nanocomposites at strain rates of 3100s-1, 3400s-1, 3800s-1 and 4000s-1 
respectively.  All PC/MWCNT nanocomposite specimens, including the pure PC, 
exhibited strain hardening and strain softening at the point where they yielded.  The yield 
stress is a function of the SHPB strain rate.  The specimens showed permanent 
deformation under HSPB testing at high strain rates and compressive loading.  Generally, 
this produces a stress-strain curve that represents instantaneous strain rate values, where 
these values for a specimen initially increase dramatically from zero and then hold a 
relatively constant value, the same as in the PC/clay nanocomposites.   
Both strain hardening and strain softening increased with addition of 0.1wt% MWCNT , 
whereas the 0.3wt% MWCNT slightly decreased these values.  Compared with the 0.3% 
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 Figure 6.21 Density against strain rate for PC and PC/clay nanocomposites. 
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MWCNT however, with 1.0% MWCNT, higher values of strain hardening and strain 
softening appeared. 
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 Figure 6.22 Stress-strain curves of SHPB for the pure PC and PC/MWCNT 
nanocomposites at a strain rate of 3100s-1. 
Figures 6.23 shows the stress-strain curves for the PC/MWCNT nanocomposites at strain 
rate of 3400s-1.  The maximum stress exhibits with 1wt%  MWCNTs. With 0.1wt% 
MWCNT the maximum stress increased to 76 MPa, with 0.5% MWCNT the maximum 
stress increased to 80 MPa.  With 1.0wt% MWCNT, the maximum stress was enhanced 
to 86 MPa.   
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 Figure 6.23 SHPB stress-strain curves of the pure PC and PC/MWCNT nanocomposites 
at a strain rate of 3400s-1. 
Figure 6.24 illustrates that the addition of MWCNT proportionately enhances the 
strength, strain hardening and strain softening.  However, the PC/1.0wt%MWCNT 
nanocomposite shows a decrease in strain hardening and a significant improvement in 
strain softening.  The sample with 0.3wt% MWCNT shows the best improvement in 
strain hardening. 
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Figure 6.24 Stress vs. strain curves of SHPB for the PC and PC/MWCNT 
nanocomposites at a strain rate of 3800s-1. 
Figure 6.25 shows the stress-strain curves for all the PC samples at the highest strain rate 
of 4000s-1 and reveals a new trend.  All the samples including the pure PC, show higher 
values of both strain hardening and strain softening compared to the previous results that 
were conducted at relatively lower strain rates.  This can therefore be explained as the 
effect of high strain rate that causes the rise in strain hardening and strain softening for all 
samples.  
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 Figure 6.25 Stress-strain curves of SHPB for the PC and PC/MWCNT 
nanocomposites at a strain rate of 4000s-1. 
It can therefore be concluded from Figures 6.22 to 6.25 that this significant improvement 
in strain hardening and strain softening is a function of the MWCNT content.   
6.7.1 Effects of MWCNT on Yield Stress of PC at High Strain Rate 
Figure 6.26 shows the yield stress against strain rates for the pure PC and PC/MWCNT 
nanocomposites whereas Figure 6.27 shows the yield stress against the concentration of 
MWCNT at different strain rates.  Figure 6.16 illustrated that the yield stress increases 
with increasing strain rate for the pure PC as discussed previously (see Section 6.6.1).  
The effect of MWCNT content on yield stress of the PC/0.1%MWCNT nanocomposite 
also shows a linear increase with increasing strain rate but the slope in the yield stress vs 
strain rate slightly decreases compared to that of the pure PC.  The slope in the yield 
stress vs. strain rate for the 0.3wt% and 1.0wt% MWCNT samples show a gradual linear 
decline with increasing MWCNT content.  However, the values of the yield stress still 
increases as a function of the MWCNT content.  MWCNTs can transfer adiabatic heat 
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faster than polymer chains sue to higher thermal conductivity of the MWCNT [66-68].  
When more MWCNTs are added, the nanofillers surrounding the PC absorb more heat 
and therefore the temperature rises higher than that in the pure PC and this probably is the 
reason for the drop in yield stress as a function of strain rate.  
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 Figure 6.26 Yield stress vs. strain rate for the pure PC and PC/MWCNT 
nanocomposites. 
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 Figure 6.27 Yield stress vs. concentration of MWCNTs in the PC at different 
strain rates. 
The effect of MWCNT on the yield stress at the lowest strain rate (3100s-1) in this study 
revealed that the yield stress increases with the increase in the MWCNT content.  A 
similar behaviour can be observed for the strain rate of 3400s-1 but with only a slight 
increase in the values of yield stress.  This rise in the values of yield stress could be a 
consequence of an increasing strain rate that leads to a decreased molecular mobility of 
the polymer chains making the chains stiffer during high strain rates [60].  The slope in 
the yield stress vs CNTs  at the strain rates of 3800s-1 and 4000s-1 revealed a rapid drop 
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with increasing strain rates compared to at  3100s-1 and 3400s-1.  However, it is clearly 
that an adiabatic heat generated during the high impact test could be reducing the yield 
stress [65].  In addition to that, due to the nature of the MWCNT being a very highly 
thermal conductive material, temperatures can rise during the impact test higher than in 
the pure PC.  This perhaps could be the reason why the yield stress decreased at the 
highest strain rate for the PC/MWCNT samples.  The yield stress decreases significantly 
with increasing strain rate to a certain range and also with an increase in the MWCNT 
content. 
6.7.2 Effect of Strain Rate on the Performance of PC and PC/MWCNT 
Nanocomposites 
An outline of the results for impact energy versus strain rate is obtained by integrating 
stress versus strain for the PC and the PC/MWCNT nanocomposites and is given in 
Figure 6.28, the same as for the PC/clay nanocomposites.  Again, the impact energy 
represents the area of strain hardening and strain softening regions where plastic 
deformation occurs.  The process of strain hardening dominates the plastic deformation 
region and is achieved by thermal softening upon reaching stress collapse.  The region of 
thermal softening is increased with the increase in strain rate.  Strain hardening and 
thermal softening cause localised heating during high strain testing, referred to as 
adiabatic heating.  The stress collapse increases with increasing strain rate. 
An increase in strain rate and the MWCNT content leads to an increase in the impact 
energy in general as shown in Figures 6.28 and 6.29.  It can be seen that the PC/MWCNT 
nanocomposites have greater impact energy than the pure PC. 
Figures 6.28 and 6.29 demonstrate that the impact energy of the pure PC increases 
linearly with increasing strain rate.  This increase in impact energy could be a result of 
thermal softening during the SHPB test, particularly at high strain rates (3800s-1 and 
4000s-1).  The amount of MWCNT content also affects the impact energy.  With 
increasing the concentration of MWCNTs, impact energy increased. 
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 Figure 6.28 Impact energy of the PC and PC/MWCNT nanocomposites vs. strain rate.  
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 Figure 6.29 Impact energy of PC and PC/MWCNT nanocomposites  with wt% 
MWCNTs at different strain rates. 
Figure 6.30 shows the glass transition temperature (Tg) plotted against impact strain rate 
for the pure PC and PC/MWCNT nanocomposites.  Tg of the pure PC slightly decreased 
after the impact test with increasing strain rates.  For 0.1wt% and 1.0wt% MWCNTs, 
there was generally an insignificant influence on Tg before and after the impact test.  
However, with 0.3wt% MWCNTs, Tg values increased significantly at high strain rates.  
The reason, at moment, is not very clear. The change of Tg (increase or decrease) could 
be due to the rearrangement of the polymer chains during impact test. 
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During the impact test, thermo-mechanical deformation occurs in the microstructure as a 
result of the dominating effects of thermal softening and the micro-structural 
imperfections caused by the impact test itself, leading to the failure of the material.  
Figure 6.31 illustrates the relationship between density and strain rate for the PC and 
PC/MWCNT nanocomposites.  Density was measured before and after the impact test.  
The results showed that the density of the pure PC decreased with increasing strain rate.  
A similar decrease also occurred in the density of the PC/MWCNT nanocomposites but 
the drop in density against strain rate was faster than in the pure PC and PC/clay 
nanocomposites as seen in the previous discussion.  The reason for this rapid decrease in 
densities of the  PC and PC/MWCNT nanocomposites could be the large number of 
cracks created during the SHPB test.  It is clear there are much more cracks in the 
PC/MWCNT nanocomposites than in the pure PC. Due to the high percentage of cracks, 
more energy could be absorbed by the nanocomposites. The much more cracks formed 
could be helpful for development of high impact performance materials for personnel 
protection. 
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 Figure 6.30 Tg against strain rate for the pure PC and PC/MWCNT 
nanocomposites. 
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 Figure 6.31 Density against strain rate for PC and PC/MWCNT nanocomposites. 
6.8 Effects of MWCNTs on the Performance of HDPE at High Strain Rate 
Figures 6.32 to 6.36 illustrate compressive stress-strain response plots for the pure HDPE 
and HDPE/MWCNT nanocomposites against the  percentage of MWCNT at strain rates 
of 2400s-1, 3100s-1, 3400s-1, 3800s-1 and 4000s-1 respectively.  All HDPE/MWCNT 
nanocomposite specimens, including the pure HDPE, initially exhibited also a nearly 
linear behaviour where they yielded the same as in the PC/clay and PC/MWCNT 
nanocomposites, followed by a transitional non-linear response where a strain-hardening 
behaviour is observed prior to a strain-softening behaviour.  It is observed that an 
increase in impact momentum increases the area of stress-strain and ultimately the stress 
collapse increases with increasing strain rate. 
Figure 6.32 shows typical stress-strain curves for the pure HDPE and the 
HDPE/MWCNT nanocomposites at a strain rate of 2400s-1.  It can be seen that with 
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0.1wt% MWCNTs the maximum stress decreased slightly to 49MPa and strain to 31% 
compared with the pure HDPE that has the maximum stress of 51MPa and strain of 30%.  
However, with 0.3wt%, 0.6wt% and 1.0wt% MWCNTs the maximum stress increased 
slightly to 52, 53 and 52MPa respectively.  With 2.0wt% MWCNTs,  the maximum stress 
decreased to 46MPa and a strain softening of 34%. 
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 Figure 6.32 Stress-strain curves of SHPB compression testing for HDPE and 
HDPE/MWCNT nanocomposites at a strain rate of 2400s-1. 
Figure 6.33 shows typical stress-strain curves for the pure HDPE and HDPE /MWCNT 
nanocomposites at a strain rate of 3100s-1.  The performance is similar to that shown in 
Figure 6.32. With 0.1wt% MWCNT, the maximum stress decreased to 48MPa and strain 
to 27% compare to that of the pure PC which has the maximum stress of 51 MPa and 
strain of 41%.  With 0.3wt% and 0.6wt% MWCNTs the maximum stress slightly 
increased to 52MPa and 54MPa respectively. Again with 1.0 wt% MWCNTs, the 
maximum stress decreased to 46MPa and strain to 34%.  With 2.0wt% MWCNTs, the 
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maximum stress increased to 55MPa and strain to 43% that indicates that an insignificant 
improvement in stress and strain. 
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 Figure 6.33 Stress-strain curves of SHPB compression testing for HDPE and 
HDPE/MWCNT nanocomposites at a strain rate of 3100s-1. 
Figure 6.34 shows typical stress-strain curves for the pure HDPE and HDPE /MWCNT 
nanocomposites at a strain rate of 3400s-1.  It can be seen that with 0.1wt% MWCNT the 
maximum stress decreased to 51MPa and strain increased to 46% compared with the pure 
HDPE that has the maximum stress of 60 MPa and strain of 40%.  A similar behaviour 
can be observed at the 0.3wt%, 0.6wt%, 1.0wt% and 2.0wt% MWCNT systems showing 
a slight drop in maximum stress with an increase in strain softening. 
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 Figure 6.34 Stress-strain curves of SHPB compression testing for HDPE 
and HDPE/MWCNT nanocomposites at a strain rate of 3400s-1. 
Figure 6.35 shows typical stress-strain curves for the pure HDPE and the HDPE 
/MWCNT nanocomposites at a strain rate of 3800s-1.  The effect of MWCNTs can be 
seen that with 0.1wt% MWCNTs the maximum stress decreased to 52MPa and the strain 
increased to 50% compared with the pure PE that has the maximum stress 55 MPa and a 
strain of 44%. With 0.3wt% and 0.6wt% MWCNs the maximum stress increased slightly 
to 57MPa and 56MPa respectively. With 1.0wt% and 2.0wt% MWCNTs, the maximum 
stress decreased down to 51MPa and 52MPa respectively with corresponding strain 
softening of 40% and 38%, which indicates that only a slight improvement in maximum 
stress and strain with the addition of MWCNTs. 
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 Figure 6.35 Stress-strain curves of SHPB compression testing for HDPE 
and HDPE/MWCNT nanocomposites at a strain rate of 3800s-1. 
Figure 6.36 shows typical stress-strain curves for the pure HDPE and the HDPE 
/MWCNT nanocomposites at a strain rate of 4000s-1.  A different behaviour can be 
observed for the pure HDPE showing the maximum stress of 55MPa compared to the 
HDPE/MWCNT samples.  The effect of MWCNTs can be seen that with 0.1wt% and 
0.3wt% MWCNTs, the maximum stress decreased down to 47MPa and 45MPa 
respectively corresponding to the strain values of 51% and 50%. With 0.6wt%, 1.0wt% 
and 2.0wt% MWCNTs, the maximum stress only increased slightly to 51MPa, 50MPa 
and 54MPa respectively. 
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 Figure 6.36 Stress-strain curves of SHPB compression testing for HDPE and 
HDPE/MWCNT nanocomposites at a strain rate of 4000s-1. 
Figure 6.37 shows the yield stress of HDPE and HDPE/MWCNT nanocomposites against 
strain rate. Figure 6.38 shows Yield stress of HDPE vs. wt % MWCNTs at different 
strain rates.  At low strain rate, the addition of MWCNTs can enhance the yield stress. 
But it is clear with increasing strain rate, the material becomes soft [69]. 
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Figure 6.37 Yield stress vs. strain rates for HDPE and HDPE/MWCNT    
nanocomposites. 
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Figure 6.38 Yield stress of HDPE vs. wt % MWCNTs at different strain rates. 
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It is well known that the thermal conductivity of  MWCNTs is very high. With high strain 
rate impact, the MWCNTs could absorb energy easily.  Due to the low thermal 
conductivity of the PE, the energy absorbed by the MWCNTs cannot be transferred 
quickly from the MWCNTS to the PE matrix. The energy absorbed will lead to the 
temperature of the MWCNTs arises and the high temperature will lead to the PE 
materials surrounding MWCNT become soft. This is reason why the addition of 
MWCNTs cannot enhance the yield stress, some time, leads to a decrease in yield stress. 
From our results , we could get the conclusion of polymer nanocomposites could be used 
for the minimisation of the trauma injury at certain impact rates. At very high impact 
rates, the function of nanofillers could vanish due to temperature effect. 
 
6.9 Conclusions  
This chapter has addressed several issues regarding the behaviour of PC/clay and 
PC/MWCNT  nanocomposites at high strain rates. 
For PC/clay nanocomposites, a slight enhancement in yield stress was observed.  Yield 
stress decreases with increasing strain at a certain range of strain rates.  In addition to 
increasing the strain rate, the process of strain hardening dominates the plastic 
deformation and then thermal softening upon reaching stress collapse.  The region of 
thermal softening was increased with the increase of strain rate.   
Similar conclusions can be drawn for the PC/MWCNT nanocomposites.  Yield stress 
decreases with increasing strain at a certain level of strain rate.  Moreover, with an 
increase in MWCNT content, the temperature effect on the performance of the PC 
appeared. For HDPE/MWCNT nanocomposites, it is clear that the high strain rate and 
high MWCNT contents have a significant influence on the performance of the HDPE.  
The rapid decrease in yield stress was observed due to the temperature effect.  
From our results , we could get the conclusion of polymer nanocomposites could be used 
for the minimisation of the trauma injury at certain impact rates. At very high impact 
rates, the function of nanofillers could vanish due to temperature effect. 
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Chapter 7:  Conclusions and Future Work 
7.1  Summary  
This research was conducted in order to develop high-performance (polycarbonate (PC) and 
high density polyethylene (HDPE) based nanocomposite) materials at high strain rate for 
potential applications in military, sports and personal protection . Practically, the principal 
interest in such materials is for lightweight personal protection. Since the intended 
applications require to unique properties offered improvement in ballistic impact strength 
with development in lightweight of material. This project focused on 1) the preparation and 
characterization of PC and HDPE nanocomposites with clay and carbon nanotubes, 2) 
dynamical thermal mechanical analysis, 3) impact performance of the nanocomposites at a 
quasi-static rate and 4) impact behaviour of the nanocomposites at high strain rates.   
 
A series of PC and HDPE nanocomposites were successfully fabricated by melt 
compounding method. The two kind nanofiller namely Na+ montmorillonite clay and 
chemically modified multiwalled carbon nanotubes with hydroxyl group (MWCNTs-OH), 
respectively, was employed to fabricate polymer nanocomposites. 
 
A number of techniques including wide angle X-ray diffraction (XRD), transmission electron 
microscopy (TEM), scanning electron microscopy (SEM), modulated differential scanning 
calorimetry (DSC), were employed to study microstructure and morphology of these 
nanocomposites. Mechanical properties at low and high strain rates of these nanocomposites 
were mainly investigated. 
 
WAXD and TEM results show that exfoliated nanocomposites for both PC/clay or PE/clay 
systems were successfully fabricated.  The SEM images revealed that uniformly dispersion 
and distribution of CNTs in nanoscale was achieved in PC or PE matrix.   By means of DSC 
studies, the “nanoeffects” on the glass transition temperature of PC and crystallinity of PE 
were examined and discussed.   A simple method to detect state dispersion of nanofiler in 
polymer matrix by the comparison of the values of bulk density determined by theoretically 
and experimentally, respectively has been established.   
Chapter 7:  Conclusions and Future Work 
 
212 
 
For clarification of the achievement on the development of PC and HDPE nanocomposites, 
some important results were summarized as follows.  Figures 7.1 and 7.2 (repeated) 
demonstrates exfoliated PC/Na+ clay and HDPE/ Na+ clay nanocomposites were fabricated 
successfully. 
 
Figure 7.1 WXAD patterns of exfoliated PC/Na+ clay nanocomposite. 
 
 
Figure 7.2 WXAD patterns of exfoliated HDPE/Na+ clay nanocomposite. 
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Figures 7.3 and 7.4 (repeated) indicates good dispersion of MWCNTs in the PC matrix  and 
HDPE matrix was achieved. 
 
 
 
Figure 7.3 SEM photomicrograph of 1wt% MWCNT/PC nanocomposite. 
 
 
 
Figure 7.4 SEM photomicrograph of 0.6wt% MWCNT/HDPE nanocomposite. 
 
The dynamic mechanical behaviour of PC and its nanocomposites with MWCNT and clay 
nanofillers were analysed with temperatures and frequency. The addition of the nanofillers 
has significant influences on the dynamical response of the PC to temperature and frequency.  
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The results revealed that MWCNT and clay nanofillers can enhance the storage modulus and 
decrease the damping property of the PC.  
 
The addition of MWCNTs has significant influences on the impact performance of PC and 
HDPE at a quasi-static rate revealed by an instrumented falling weight impact test (IFWIT). 
The results indicated that the maximum load of PC is significantly improved by the filler. The 
PC specimen containing 1 wt% MWCNTs showed the highest peak load value of 
approximately 884N, much higher than 209N of the pure PC. The PC nanocomposites are 
able to sustain much higher external force before broken, and the behaviour contributes to 
greater deflection. The increased filler content leads to higher impact force due to the particle 
interface react and form a tortuous fracture path. The incorporation of MWCNTs causes a 
significant improvement of impact failure energy of the PC. Incorporation of 1 wt% 
MWCNTs caused significant improvement of 500% in impact failure energy.  
 
The performance of the PC and HDPE nanocomposites were examined by means of  Split 
Hopkinson Pressure Bars Apparatus. The strain rates from 102 to 104 s-1 were used.  For 
PC/clay nanocomposites, a slight enhancement in yield stress was observed.  Yield stress 
decreases with increasing strain at a certain range of strain rates.  In addition to increasing the 
strain rate, the process of strain hardening dominates the plastic deformation and then thermal 
softening upon reaching stress collapse.  The region of thermal softening was increased with 
the increase of strain rate.   
Similar conclusions can be drawn for the PC/MWCNT nanocomposites.  Yield stress 
decreases with increasing strain at a certain level of strain rate.  Moreover, with an increase in 
MWCNT content, the temperature effect on the performance of the PC appeared. For 
HDPE/MWCNT nanocomposites, it is clear that the high strain rate and high MWCNT 
contents have a significant influence on the performance of the HDPE.  The rapid decrease in 
yield stress was observed due to the temperature effect.  
From our results , we could get the conclusion of polymer nanocomposites could be used for 
the minimisation of the trauma injury at certain impact rates as results of significant 
improvement on the performance of PC matrix by adding nanofiller. At very high impact 
rates, the function of nanofillers could vanish due to temperature effect. 
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7.2 Future Work 
It has been found that high strain rate impact cause an increase in the temperature of the 
specimen. The increased temperature has significant influences on the performance of 
polymer nanocomposites at high strain rates. It is necessary to investigate temperature-
performance relationship of polymer nanocomposites at high strain rates. In order to examine 
the temperature effect, it needs to develop a method for measurement of the correlation of 
temperature-strain rate.   
It has been also found that at high temperature, the function of nanofillers for enhancement of 
the performance of polymers at high strain rates was vanished. It also is necessary to assess 
how and when the function of nanofillers was vanished. The research will provide useful 
information for how to use polymer nanocomposites for personnel protection. 
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